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SYNOPSIS 
During a preliminary study of the use of oxidation of molyb-
denum blue at a glassy carbon electrode to determine phosphate. 
molybdophosphate itself was shown to be reduced at a positive 
potential. Combined cathodic-anodic peaks were obtained by 
scanning in the positive potential direction. Differential-pulse 
voltammetric procedures for the determination of phosphate were 
developed based on positive-going potential scans for both 
molybdophosphate and molybdenum blue. Optimised procedures are 
described for determining orthophosphate. 
Anodic voltammetry at a stationary glassy carbon electrode 
has been applied to the determination of phosphate (in the presence 
of silicate). silica (in the presence of phosphate). arsenate and 
germanate as ~-heteropolymolybdates stabilized with acetone. with 
the solution conditions of existing calorimetric procedures. 
The results illustrate the possibility of using anodic voltammetry 
at a stationary glassy carbon electrode .to determine phosphate 
silicate. arsenate and germanate as heteropoly acids as an alter-
native to the analogous spectrophotometric methods. The use of 
the voltammetric methods may have advantages in some applications 
including those involving coloured or turbid solutions. 
The redox behaviour of molybdovanadophosphate at a glassy 
carbon electrode is described and a procedure is given for the 
voltammetric determination of phosphate as molybdovanadophosphate. 
The solution conditions of the calorimetric molybdovanadate method 
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were found to be readily adaptable. Pho~p~ate at 1 x 10-5M can 
be determined easily when smaller amounts of molybdovanadate 
reagent are used in order to reduce the size of the blank. 
Procedures are also given for the flow injection voltammetric 
determination of phosphate, silicate, arsenate and germanate by 
the injection of B-heteropolyactds pre-formed in various aqueous, 
aqueous acetone and aqueous ethanolic reagents into eluents consis-
ting of reagent blank. This procedure effectively eliminates the 
background signal of the blank and allows precise determinations 
to be made. Silicate and phosphate can be determined at 10-7 and 
10-6M leveis, respectively. Arsenate has only been determined at 
the 10-5M level, and the precise determination of germanate is 
difficult owing to adsorption at the glassy carbon electrode. 
The application of these static and flow-injection voltammetric 
methods to the determination of phosphate in blood serum is given. 
Very high, inaccurate results, frequently over twice the certi-
ficated value, were obtained using the aqueous acetone, and 
aqueous ethanol systems and this is believed to be due to the 
hydrolysis of organic phosphate to orthophosphate. Satisfactory 
results were obtained with the simple aqueous system using both 
static and flow-injection procedures. The flow-injection procedure, 
in particular, is particularly suited to this determination. 
Phosphate can be determined by a more direct procedure as 
molybdophosphate by flow-injection analysis. The optimized proce-
dure in which phosphate is injected directly into the aqueous acidic 
mo lybdate reagent is gi ven. Thi s procedure allows phospha te to be 
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determined at the same level (i.e. 1 x 10-6M level) as was 
determined by injection of pre-formed molybdophosphate. Molybdo-
phosphate which is determined by reduction at a glassy carbon 
electrode, is fully formed when a 3m delay coil (0.58 mm i.d) is 
incorporated before the detector and a flow-rate of 4 ml min-l is 
used. 
Nitrite can be determined by reduction at a glassy carbon 
electrode held at +0.3V versus SCE by flow-injection voltammetry 
at concentrations of greater than 1 x 10-6M level by direct 
injection of sample solution (25 ~i) into an eluent 3.2M in hydro-
chloric acid and 20% m/V in potassium bromide. Alternatively, the 
nitrite may be pre-reacted with acidic bromide before injection 
and determined at concentrations about 1 x 10-7M. The use of 
acidic chloride medium is less satisfactory. 
For the intermittent analysis of large volume water samples, 
such as a hydroporic fluid, a modified use of flow-injection 
analysis is recommended. In this modification the water sample 
is made the eluent in the flow-injection system and reagents for 
the determination of individual components are injected into the 
sample stream sequentially. A sample solution containing phos-
phate and nitrite has been analysed in this way using acidic molyb- . 
date and acidic bromide reagent to determine phosphate and nitrite 
voltammetrically at a glassy carbon electrode. Phosphate was deter-
mined at the 2 x 10-5M level and nitrite at the 2 x 10-4M level 
without mutual interferences and with good precision. 
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CHAPTER 1 
INTRODUCTION TO VOLTAMMETRIC TECHNIQUES 
Introduction 
When the dropping mercury electrode, which is used as an 
indicator electrode in polarography, is replaced by any other 
electrode, then the technique is called volta01l1etry. Even if, the 
indicator electrode is another mercury electrode such as the 
hanging mercury drop electrode, then the technique is also 
classifie~ as voltammetry. The electrochemical principles and 
instrumentation governing the voltammetric technique are sim-
ilar to those of polarography. 
For many years voltammetry was applied successfully to 
numerous analytical problems in both inorganic and organic 
analysis. In the 1960's, when the atomic absorption spectro-
photometric technique was developed increasingly, it offered 
simplicity and an increase in sensitivity, which for some metal 
analyses was one or two orders of magnitude higher than that 
offered by classical d.c. polarography. With the advent of low 
cost commercial instrumentation and the int~oduction of some 
modern variants of the polarographic method, e.g. pulse polaro-
graphy and stripping analysis, the use of voltammetric methods 
for quantitative analytical measurements is again increasing. 
The new variations of the method can permit selective, parts per 
billion, analysis of a variety of organic and inorganic species. 
Voltammetry may be defined generally as the measurement of 
current-voltage relationships at an electrode immersed in a 
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solution containing electroactive species. More specifically, 
it is the determination of the current at the working electrode. 
due to an electron-transfer reaction at the electrode surface, 
while a potential is applied. In voltammetry, current-voltage 
curves are recorded while a gradually changing voltage is applied 
to a cell containing the solution of interest, a stable reference 
electrode, a small area working electrode and auxiliary electrode, 
Usually the voltage is increased linearly with time. Such curves 
are generally called voltammograms. 
In recent years, the use of solid electrodes in electro-
chemistry has gained popularity(l). One of the primary reasons 
being their applicability to anodic oxidations; oxidations of 
many organic(2) molecules take place at solid electrodes. 
Modern polarographic and:voltammetric techniques are making 
valuable contributions in the following areas(3): 
i) The determination of drug compounds, particularly after 
extraction from biological fluids using differential pulse 
pol arography. 
ii) Trace-metal determination using anodic stripping voltammetry. 
iii) The development of electrochemical detectors, particularly 
for use with HPLC and flow injection ana lys is, for organi c 
compounds undergoing oxidation and reduction processes. 
These detectors incorporate carbon or mercury electrodes: 
the former electrodes are currently the more> important. 
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Though it is true that the principles and instrumentation 
of polarography and voltammetry are similar, there are some 
differences between the two. Normally.voltammetric work is 
done on fast voltage scanning instruments (i.e. linear sweep 
voltammetry), whereas polarography with the dropping mercury 
electrode is done with very slowly changing applied potentials. 
The resu 1 t is that in 1 i nea r sweep vo ltammetry, the curren t-
voltage curve recorded is a peak and not the S shaped curve 
obtained in polarography. 
Linear Sweep Voltammetry (LSV) 
According to Bond et al, linear sweep voltammetry is most 
frequently applied at mercury electrodes, because of the high 
reproducibility of the area obtainable, particularly at a dropping 
mercury elecf;ode(4). Another variety of mercury electrode, the 
hanging mercury drop electrode(S,6), is used frequently in 
stripping voltammetry, and the mercury pool electrode(7,S) is also 
used. 
A host of solid electrodes are also available(l,9,lO,ll ). 
Almost all of the more inert metals such as platinum, gold, rhodium, 
etc have been used in analytical applications of LSV. Electrodes 
based on carbon materials(l) e.g. wax-impregnated graphite, glassy 
carbon, carbon paste, have been v/idely used. Such electrodes, while 
permitting analytical applications not amenable to mercury elec-
trodes, do not have the asset of a constantly renewed, reproducible 
surface, nor are they as convenient to use, since much preparation. 
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care and maintenance are required to use them reliably. Discussions 
of the advantages and disadvantages of solid electrodes are 
covered by the literature(l ,9, lD). and can be summarised by the 
observation by Bond that the mercury electrode is likely to be . 
the preferred material for LSV. Generally, specific reasons for 
not using mercury would be given by workers when an alternative 
surface is being advocated: "the electroactive species oxidise 
or interact in some way with mercury", "mercury electrodes 
cannot be used in this 'on stream' application", or "unsatisfac-
tory waves are obtained at mercury because of strong adsorption 
of materi a 1", etc. These comments shoul d not be taken to 
denigrate the importance of solid stationary electrodes in 
analytical voltammetry because the exceptions to using mercury 
electrodes incorporate some of the most important applications. 
For a reversible oxidation-reduction system where both 
oxidised and reduced forms are soluble, it can be shown that the 
current under these conditions depends on potential in such a 
way as to pass through a maximum. For the potenti a 1 of a peak 
obtained with a planar electrode. it can be shown that 
l.l 
The potential of the peak corresponding to a reduction 
process is thus more negative than the half-wave potential by 
28/n mV. Similarly it is possible to show that for anodic peaks 
corresponding to the reversible oxidation of the reduced form of 
the couple, the potential of the peak is more positive than the 
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half-wave potential by 28/n mV. 
Quantitative treatments of linear sweep and cyclic vo1tammo-
grams with the different kinds of coupled chemical reactions are 
available in the literature(12 -16), and details can be consulted 
in the original work. A definitive treatment of linear sweep and 
cyclic vo1tammetry are given by Nicho1son and Shain(12). This 
study surveys both single-sweep and cyclic vo1tammetry for simple 
systems and those with various chemical reactions coupled to 
reversible and irreversible charge transfers. They give tables 
of current functions from which the peak current can be calcula-
ted for various coupled chemical reaction cases. 
In routine analytical work, the real advantages of linear 
sweep vo1tammetry (LSV) lie in the increased sensitivity, the 
speed of recording of the i-E curve, the specificity obtainable 
via the use of a larger time scale available with respect to scan 
rate, and improved resolution of the peak-shaped curve. 
Single Sweep Peak Vo1tammetry 
The diffusion problem to a planar electrode fora reversible 
reacti on was fi rs t sol ved independently by Rand1 es (17) and 
Sevcik(18). The equation for the peak current (ip) obtained with 
a linear sweep at a planar electrode of area A cmz is given as: 
i = K n3 / 2 AD! C v! p 0 0 1.2 
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where: K = the Randles-Sevcik constant 
n = number of electrons 
A = area of electrode cm2 
DO = diffusion coefficient cm2 S-l 
Co = bulk concentration m moles ~-1 
v = the scanning rate V S-l 
The current thus depends on the area of the electrode, on the 
concentration of the electroactive species, and on its diffusion 
coefficient. Apart from the difference in the value of the 
proportionality constant K, the peak current ip (~A) shows a 
dependence on the number of transferred electrons (n)different 
from that observed in polarography: in DC polarography, the 
diffusion current is directly proportional to n, whereas in 
linear sweep voltammetrythe peak current is proportional to n3/2. 
The essential difference between the current obtained by the 
two techniques is in the dependence of the peak currents on the 
rate of scanning v, which becomes an important variable, whereas in 
polarography diffusion currents are not dependent on v. 
Matsuda and Ayabe(13) examined the relations in peak volta-
mmetry for reversible, quasi-reversible, and totally irreversible 
systems. 
For the reversible case: 
Ep - Ep/2 = 0.057/n volts 1.3 
where Ep and Ep/2 are the peak potential and the potential at which 
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the current is one-half the peak value respectively. Both Ep 
and Ep/2 are independent of the voltage sweep rate. The peak 
voltammogram of a reversible system is sharp, spanning a 
voltage range of roughly 0.12V for a one electron system. 
The corresponding equation for the totally irreversi51e 
system is given by: 
i = Kn (Cl n ) ~ A D~ C V~ P a 
and 
Ep - Ep/2 = 0,048/CI na volts 
where: Cl is the electron transfer coefficient 
1.4 
1.5 
nais the number of electrons involved in the rate deter-
mining step. 
As (Cl na) decreases the peak voltammograms become more 
spread out and the peaks tend to be rounded. This situation is 
frequently met in organic oxidations. For irreversible electrode 
processes, the peak current is often lower than that for a rever-
sible one. Peaks for irreversible processes are also less sharp, 
and the whole curve is more drawn out; (Figure 1.3) but the 
peak potential Ep is independent of the concentration of the 
o'xidised form and the current isa linear function of concen-
tration. 
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Measurement of Peak Current 
Heasurement of the peak current is usually carried outby 
extrapolating the current before the peak and measuring the 
difference between this extrapolated baseline and the peak. 
This presents no problem provided that there is only one peak on 
the current-versus-voltage curve or, if there is more than one 
peak, that the individual peaks are separated by several hundred mV. 
Pulse Voltammetry at Stationary Electrodes 
Normal pulse voltammetry (NPV) and differential pulse 
voltammetry (DPV) are useful techniques for the determination of 
low concentrations of electroactive species. In both techniques, 
which have a limit of detection lower than that for ordinary d.c. 
voltammetry, the current is measured during a time interval of 
the pul se when the ratio of the faradaic current and the charging 
current has a maximum value. 
Although a wide range of electrode materials are available, 
pulse techniques in voltammetry have mainly employed mercury 
as the electrode material. However, mercury cannot be used at 
potential values larger than +O.4V vs SCE because of its dissolu-
tion as mercury ions. As more positive potentials are of interest 
for the determination of a wide range of oxidisable compounds, 
attention must be paid to the use of solid electrodes. Adams( 1 ) 
has given an extensive survey of the use, preparation and appli-
cability of solid electrodes in d.c. voltammetry. 
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Earlier studies of pulse voltammetry at stationary electrodes 
have produced quite promising results(19 - 23). It has been shown 
that sensitive and reproducible results can be obtained for reduc-
tions from aqueous mediae 19 - 22) or hydrofluoric acid solvent(23). 
Oldham and parry( 20) characterised the depletion effect which is 
observed with normal pulse polarography when an irreversible 
electrode reaction is being studied. The hanging mercury drop 
electrode (HMDE) was used by Keller and Osteryoung(22) who 
studied many of the factors which govern the sensitivity of 
differential pulse voltammetry (DPV). 
Pulse voltammetry has also been employed in studies using 
the rotated disk electrode(2~ and its possible use in a chromato-
graphic detector using flow-through electrodes has been explored 
by ~'acDonald and Duke(25). A detailed analytical evaluation of 
differential pulse voltammetry has been reported by Rifkin and 
Evans(26), using a platinum electrode and computer based instru-
mentation. 
For a reversible process, the theory for differential pulse 
voltammetry at stationary electrodes, is essentially the same as 
that for the DME. The techniques of normal and differential pulse 
voltammetry have been presented together with equations describing 
these techniques. by Osteryoung and Osteryoung(27). They gave a 
number of specific applications for both differential and normal 
pulse, including determination of arsenic in sewage and the deter-
mination of sulphide. 
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FIGURE 1. 1 The potential-time waveforms for normal pulse (n.p) 
and differential pulse (d.p) voltammetry 
Figure (1.1) shows the waveforms applied in modern pulse 
voltammetry, applied to either a mercury or solid electrode. 
In the so-called 'normal' pulse (n.p) mode, millisecond pulses 
of successively increasing amplitude are applied to an electrode; 
if the dropping mercury electrode is used, a pulse is applied 
at some fixed time during the drop growth to ensure that the area 
of the drop is constant from pulse to pulse. The initial potential 
is such that no reaction can take place. The current is measured 
at some fixed time, usually at the end of pulse application. 
In the differential pulse (d.p) mode (again let us refer to 
a dropping mercury electrode) the potential is moved slightly 
between each drop (the drops are knocked off mechani ca 11y) and 
a pulse of constant amplitude is applied, again for a few 
milliseconds. The period between these pulses can be l-lO~s 
The current is measured immediately before and at some fixed time 
after pulse application. The difference in current is recorded. 
-
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The shape of the current-potential response curves that one 
obtains is shown in Figure (1.2), which compares the response 
for regular d.c. polarography and n.p. and d.p. polarography. 
The limiting current plateau in the d.c. and n.p. techniques is 
directly proportional to the concentration of the ion that has 
diffused to, and reacted at, the electrode surface. The peak 
current in d.p. polarography is also proportional to the concen-
tration of the material in solution reacting atthe electrode 
surface. The shapes of the waves in the d.c. and n.p. techniques 
are much the same; note that since the magnitude of the current 
in the n.p. mode is almost 10 times greater than that for d.c. 
polarography, the analytical sensitivity is that much greater. 
The d.p. eurve has the shape of the derivative of the d.e. or n.p. 
curve. The peak current in d.p. polarography is somewhat less 
than the limiting current in n.p. polarography. 
The shape of the current-potential curve for the reversible 
reduction of Oto R in a single potential step is given by the 
well known Cottrel equation: 
1.6 
where: i is the current at a given potential (\lA) 
n number of electrons transferred per mole of the oxidised 
form 0 
F . is the Faraday constant (96485 C mole-I) 
A electrode area (cm2 ) 
I 
200 
15 
d·p 
d·e 
o 
n(E-E~)/mv 
n.p 
200 
FIGURE 1.2: Current-potential response in dc. np. 
and dp polarography (27) 
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Do the diffusion coefficient of 0 (cm 2 ,sec- l ) 
Co the bulk concentration of 0 (mM L-I) 
tp the time of current measurement (seconds) 
~ the pulse width = (DO/DR)~ where OR is the diffusion 
coefficient of the reduced form R (cm2 sec-I) 
6= exp [nF (E - EO)/RT], where E is the potential (volts) 
EO the standard potential for reduction of 0 to R (volts) 
R is universal gas constant (8.314 J mole- l K-I) 
T absolute temperature (K) 
when E is much more negative than EO, 6 = 0 and the limiting 
current 
i = n FAD 1 C /(~ t )1 
o 0 p 1.7 
is attained. The equation for the limiting current for n.p. polaro-
graphy is obtained by using the appropriate equation for the drop 
area as function of time: 
where: p is the density of mercury (13594 mg cm-3 at 250 C) 
m the flow rate of mercury (mg.sec- l ) 
td the age of the drop (sec) 
1.8 
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Combining (7) and (8), the limiting current, i p in n.p. n. . 
polarography is given by: 
i = 463 n D ~ m2/ 3 t 1/6 C 
n .p. 0 d 0 1.9 
In d.c. polarography, the times td and tp are the same. In 
addition, the growth of the drop into undepleted regions of solu-
tion causes the current to be (~)! as large as for a stationary 
'. '"'. . 
electrode. 
As a result the limiting current, i d•c from (7) and (8) 
becomes: 
In the d.p. mode the differential with respect to potential of 
(6) yields the peak current 
i = i (l ~-") d.p. n.p ~
1.10 
loll 
where a = exp (nF 6E/2RT) and 6E(volts) is the height of the pulse 
of constant amplitude shown in Figure (1.2). Notice that in each 
case the current is directly proportional to concentration and 
that the proportionality is given by a simple equation. Furthermore, 
in both n.p. and d.p. the signal depends on t p-!. Thus decreasing 
the measurement time delay increases the sensitivity markedly 
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The detection limit for d.c. is normally about 1O-5M in 
the species reacting at the electrode; for n.p. polarography 
the detection limit is about 10-6 - 10-7M under favourable 
conditions. For d.p. polarography, the detection limits are 
of the order of 10-sM. This is apparently anomalous as peak 
current in d.p. polarography (equation 1.11) is less than the 
limiting current in n.p. polarography (equation 1.9). In 
other words, under compar~ble conditions, the sensitivity for 
n.p. polarography is greater than for d.p. polarog~phy. How-
ever, in all electro-analytical methods, the noise or back-
ground signal must also be considered. The background noise 
level in the d.p. mode is almost two orders of magnitude 
less than in the n.p. or d.c. modes" and it is this decrease 
in background current that increases the signal/noise ratio 
of the peak current in d.p. and therefore produces a lower 
detection 1 imit , 
Cyclic Voltammetry 
Cyclic voltammetry was first practised by Sevcik( 18). It 
is usually performed by varying the potential of the working 
electrode linearly with time until a switching potential is reached 
at which time the direction of potential sweep is reversed and the 
potential is reversed to the original value. The current-potential 
curve produced is called a cyclic voltammogram. The characteristic 
peaks are caused by the formation of a depletion layer in solution 
near the electrode. The position of the peak on the potential 
axis is related to the formal potential of. the redox 
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process, and the height and shape give information about the reac-
tant concentration and the number of electrons in the half' reaction. 
If the product of the electrode process is stable, then on reversing 
the scan direction this material can be oxidized back to starting 
material. The cyclic voltammogram obtained for a reversible system 
is characterised by equal peak heights for the reduction and oxida-
tion processes. If the product is unstable and reacts before the 
reverse scan takes place, then no wave will be seen on the reverse 
scan. Similarly, adsorption of product or reactant will perturb 
the system compared with the simple electron transfer case. 
The cyclic voltammogramsof reversible, quasi-reversible and 
irreversible processes are shown in Figure 1.3. A rapid charge 
transfer process has the anodic and cathodic peak potentials 
almost coinciding. The separation is predicted by the relation 
between Ep and E~. 
1.12 
Thus Ep,c for a reduction is 0.029/nV more cathodic than E~ and 
Ep,a for the oxidation of the same system is 0.029/nV more anodic 
than E~. The potential difference between the peaks for a rever-
sible system will be 
E a - E c = 2(0.029/n) = 0.058 V p, p, n 1.13 
A quasi-reversible system shows a greater separation in Ep's. The 
voltammogram are more drawn out and the peaks more rounded. 
For a very slow charge-transfer process, a complete separation 
of anodi c and ca thodi c peak potenti a 1 s is observed. 
(a) (b) (c) 
, 
FIGURE 1.3; Cyclic voltall111ogram for (a) reversible; (b) quasi-reversible and (cl irreversible processes 
N 
o 
21 
R.S.,Nicholson used the separation in anodic and cathodic 
peak potentials to measure rate constants for electron transfer(28). 
The theory was extended to uncomplicated multistep reversible and 
irreversible charge transfers byPolcyn and Shain(29). 
Although cyclic voltammetry has advantages for studying charge-
transfer rates, it is most idea11y suited for investigating the 
overall processes which may occur in a complex electrode reaction. 
The advantages are best illustrated by examples of organic oxida-
tion at solid electrodes. The voltammetric investigation of the 
oxidation of phenols and identification of the intermediates using 
cyclic voltammetry is illustrated by Evans(30). 
Hydrodynamic Voltammetry 
One of the most important features of faradaic electro,-
chemistry is the ease by which it can be adapted to monitor flowing 
streams. In the last few years hydrodynamic voltammetry has become 
a very powerful tool in instrumental analysis(31). The use of voltam-
metric techniques with flow-through cells opened a new chapter in 
voltammetry, especially for solid electrodes. The mass transfer 
to the electrode surface occurs by forced convection rather than 
solely by diffusion, and current-potential curves recorded under 
conditions of convective mass transfer are relatively insensitive 
to scan rate. The recordi ng of voltammograms under these condi ti ons 
is referred to as Hydrodynamic Voltammetry. The sensitivity of 
hydrodynamic electrochemistry under steady-state conditions is 
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impressive and often superior to far more sophisticated small 
amplitude pulse and sine wave techniques(32). 
Theoretical treatment of hydrodynamic voltammetry with various 
electrode configurations have been reported by Levich(33). The 
exact treatment of the mass transport involving convection and 
diffusion was given by Levich. He treated the heterogeneous chemi-
cal reaction taking place in stirred solutions as being similar to 
heat transfer and mass transfer processes. On this basis, he 
derived an equation to describe the mass transfer process taking 
place in stirred or flowing solutions, thereby considering both 
the diffusion and convection processes. 
The fundamental statement of Levich's theory is that lithe 
transport of a solute in a liquid is governed by two quite different 
mechanisms. First, there is molecular diffusion as a result of 
concentration differences; second, solute particles are entrained 
by the moving liquid and are transported with it. The combination 
of these two processes is called convective diffusion of solute in 
a liquid". 
The convective diffusion limiting current equation with respect 
to some systems of simple geometry have been given by Levich. The 
equations for limiting currents for some geometries are given 
below: 
Electrode Geometry 
Tubular 
Fixed disc 
Coni ca 1 
Rotating disc 
where: L = length 
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Limiting Current 
iL = 0.67 nF co2/3 Ll/3 yl/3 R- l/3 
iL = 0.78 nF co2/3 Ll/3 R- l /2 v- l / 6 
iL = 0.80 nF C02 L-1/2 yl/2 v- 1/ 6 
iL = 0.62 nF C02 v- l / 6 wl / 2 
R = radius of disc electrode (mm) 
w = 2ffN = angular velocity of disc 
y = volume of flow rate, (m1 s-l) 
v = kinematic viscosity, stoke 
The principles of current distribution and mass transport in 
flowing systems have been reviewed by Newman(34). Pungor et a1(31) 
recently published a comprehensive review on the theory and prac-
tical applications of hydrodynamic vo1tammetry. 
Flow Through E1ectrochemica1 Cell 
The term "wall jet" was first introduced by G1auert(35) to 
describe the flow due to a jet of fluid which spreads out over a 
plane surface. The wall-jet is probably the most versatile design 
for a wide range of continuous monitoring applications. In this 
configuration the sample enters the cell through a fine nozzle and 
-impinges onto a wa-ll placed perpendicular to it and flows radially 
over the surface, Figure 1.4. Yamada and Matsuda(36), described the 
construction and e1ectrochemica1 properties of the wall jet electrode. 
A theoretical equation of the limiting diffusion current at the 
wall-jet electrode was derived. The equation is given below: 
DIFFUSION 
LATER ELECTRODE 
x+-------~~~_4~~:-_i°r_~~~---------------+x 
I 
I 
T. 
FIGURE1.4: Schematic representation of the velocity and the concentration distribution 
in the wall jet. U, radial velocity; Co, bulk concentration of the 
depolarizer. 
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where a = diameter of circular nozzle, mm. 
For most other electrode geometries the limiting current 
depends on 1/3 - 1/2 power of flow rate, but in the wall-jet case 
the dependence is to the power 3/4 which is a distinct advantage 
over other cell geometries. The theoretical predictions for the 
dependence of the limiting diffusion current upon various experi-
mental variables, i.e. bulk concentration of depo1arizer, the volume 
flow rate, the radius of the disk electrode, the diameter of the 
nozzle etc were given by Yamada and Matsuda(36) . 
The main requirements for vo1tammetric detector cells used in 
hydrodynamic vo1tammetry, are the fo110wing(32): 
1. Low resistance; high resistance would distort the current 
peak measured on a selected potential. 
2. Small dead volume; the value of the dead volume (hold-up) is 
connected with the response-time of the measuring cell. The 
aim is to design cells with fast response and small inertia. 
3. High sensitivity; the general use of voltammetry is useful 
only by using detector cells of high sensitivity, it can be 
increased by increasing mass transport or by increasing the 
area of the electrode surface. 
4. Low noise level; in general, influenced by whatever ensures the 
movement of the solution of the electrode. For example, the 
perista1tic pumps used for moving liquids cause a pulsating 
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flow, thus inducing the oscillation of the measured 
current. 
5. High stability; the stability of the measuring cells with 
time can be expected for cells with simple construction. 
In these cases changes in the hydrodynamic conditions and 
mechanical damage are not expected. 
The injection technique based on voltammetric detection as 
first described by Pungor et al(37) is particularly suited to 
analysis with voltammetric electrodes of constant surface' area. 
Ion selective and voltammetric electrodes are the electro-
analytical detectors used for carrying out analysis in flowing 
solutions, conductimetric detection is mainly used for process 
streams. Such detection generally has a number of advantages in 
flowing systems compared with stationary systems(38) e.g. higher 
sensitivity, shorter response time and elimination of the manipu-
lation effects caused by displacement of the sensors. 
Voltammetric detection requires a proper choice of the applied 
potential. Obviously, the rules governing selection are the same 
as in any other amperometric measurement, if optimal selectivity 
is required(38). 
With voltammetric sensors, the signal, i.e. the current inten-
sity, depends on the rate of mass transport to the electrode sur-
face; thus, under suitable hydrodynamic conditions, the signals 
in streaming solutions may reach considerably higher values than 
in stationary solutions, giving a remarkable increase in sensitivity. 
The sensitivity of hydrodynamic voltammetry as a measuring technique 
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in streaming solutions and constant electrode potential can be 
compared with that of the most sensitive electroanalytical techniques. 
One of the most critical problems in the use of voltammetric 
sensors in flowing systems is that constancy of the active elec-
trode surface must be ensured if reproducible results are to be 
obtained; reproducible renewal of the electrode surface is more 
difficult in a flow-through channel than under stationary conditions. 
Another important point is that the conditions of convective diffu-
sion at the electrode surface must be kept strictly constant if 
signals are to be reproducible. as the signal depends on the rate 
of mass transport. 
Fifteen years ago flow-through electrochemical cells were 
a rare 1 aboratory curiosity ~In the present day they have achieved 
---
some importance in laboratory and commercial electrosynthesis; 
liquid and gas chromatographic detection and the determination of 
redox enzyme activity. substrates and co-factors. 
Types of Working Electrode 
Strictly speaking. any electrode may be called a working 
electrode whenever a net current flows through the cell. The voltam-
metric method became a widely used analytical tool only with the 
application of the dropping mercury electrode. The increasing 
interest in the study of electrode processes at potentials more 
positive than can be reached by mercury has resulted in a wide 
. range of electrode materials and configurations being proposed for 
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solid electrode voltammetry(l). 
The most important parameters governing the selection of an 
electrode material are its useful potential range and the magnitude 
and reproducibility of residual currents in various media. Surface 
film formation, adsorption of reactants, intermediates or products 
are all known to influence the reproducibility of peak current 
measurements. 
The working electrodes may be a dropping mercury electrode 
or solid electrodes. The hanging mercury drop electrode (HMDE), 
and the mercury thin film electrode (MTFE) are considered as 
solid electrodes. 
Dropping MercurY Electrode 
The mercury electrode has the advantages which no sol id 
electrode has, namely its continually renewable surface, reprodu-
cible surface area of the drop and the high over-potential of 
hydrogen on this mercury electrode makes possible the electro-
reduction of many species at negative potentials unattainable on 
solid electrodes. The greatest disadvantage of mercury electrodes 
is that the anodic range is severely limited, at best dissolution 
of mercury occurs around +O.4V vs SCE. This cut-off completely 
excludes the study of a wide variety of organic redox systems. 
Further mercury electrodes have not found favour in monitoring 
flow streams because of the difficulty in maintaining drops in a 
flow stream and the resulting instability. 
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Solid Electrodes 
The solid electrodes most often applied in voltammetry can be 
divided into two groups: (i) noble metal electrodes and (ii) 
graphite and carbon electrodes .. 
i) Noble metal electrodes: 
Platinum: is a very widely used and investigated electrode 
material "which is applied in a great variety of forms such as a 
disk, wire, tube etc. Its electrochemical properties are outstan-
ding, its polarization range is very broad, mainly in the anodic 
direction, and the residual current is relatively low. The main 
difficulty with the application of platinum electrodes is caused 
by surface phenomena such as adsorption and chemi-sor.ption, and 
by the fact that platinum is not fully inert. In fact, it may 
be oxidized and a layer of platinum oxides formed on its surface. 
The phenomena connected with oxide formation and the possibility 
of its removal with reducing agents have been elucidated by several 
authors( 39-42). In using platinum electrodes, a common practice is 
to pretreat the electrodes before use. The pretreatment ensures 
that the properties of the electrodes are the same after each pre-
treatment. 
Gold: The behaviour of the gold electrode,"is similar to that of 
the platinum, but is somewhat simpler, because neither oxygen nor 
hydrogen is soluble .in gold. Gold is also oxidizable though to a 
lesser extent than platinum if the medium does not contain complexing 
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agents. However, in chloride solutions the electrode reacts 
chemi ca lly with the medi um and the anodi c range is severely 1 imited 
by oxidation of the metal to complex chlorides. Its advantage is 
that it does not absorb hydrogen. Widespread application of the 
gold electrode is hindered by problems connected with sealing of 
metallic gold to glass; therefore, ,the preparation of the gold 
electrode is more complicated than that of the platinum electrode. 
As reported by GuilbaultG4 ), by melting noble metal powders 
with low-alkali glasses, electrodes with good surface and mechanical 
properties can be prepared. 
ii) Carbon electrodes: 
The developments in the chemistry of solid state carbon have 
contributed to the evaluation of different forms as electrode mate-
rials. The properties of polymeric carbons have been reviewed by 
Jenkins and Kawamura(44). it is now possible to make different 
forms of carbon with desired properties. Some of the more useful 
forms which have a potential for application as electrode materials 
in voltammetry are reviewed below. 
Graphite: graphite was the first carbon electrode to be 
studied. Although it has an anodic range of Ca. + 1.OV its cathodic 
range is limited and it suffers from problems of seepage of electrolyte 
and adsorption. Its utility can be extended by several different 
methods of fabri cati on (45) . 
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Wax-impregnated graphite: The first graphite electrodes for 
analytical use were prepared by impregnation with wax(46-49). 
Application of various waxes was considered, and the properties of 
the electrodes were improved by varying the impregnation process. 
Elving and Smith(49) pretreated the electrode surface with 
0.003% solution of Triton X-lOO. This wetting agent assures a 
completely wetted surface and thereby increases reproducibility of 
surface area in test solutions. Thi,s type of electrode has a range 
+1.2 to -1.2V vs SCE in both neutral and acidic media. 
Pyro1ytic graphite: the pyro1ytic graphite electrode was intro-
duced by Beil by et a 1 (50) and Mi 11 er and Zitte 1 (51). The us.eful 
range is from +1.0 to -O.BV vs SCE in acidic chloride or nitrate 
media and a more restricted range in potassium chloride-hydrochloric-
aci d medi a. 
Polyethylene graphite: this electrode is fabricated by mixing 
graphite with finely powdered polyethylene and heat sealing the 
mixture to the end of a rigid polyethylene tube(52). Preliminary 
investigation show the electrode to be as good as vitreous carbon 
and pyrolytic graphite. 
Si 1 i cone rubber based graphi te: a graphite El lectrode of hetero-
geneous phase the so-called silicone rubber-based graphite electrode 
was designed by Pungor et a1( 53,54). This electrode is prepared by 
dispersing graphite powder of spectral purity in poly(siloxanediol) 
with subsequent cold curing. The operating range lies between -0.5 to 
+1.5V vs SCE. 
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Carbon paste electrode: one of the most frequently used 
carbon electrodes is the carbon paste electrode developed by 
Adams(55,56). They are prepared from graphite powder of spectral 
purity by mixing it with a so-called pasting agent, which is an 
organic liquid that does not mix with water. The main points for 
choosing the liquid are: small volatllity, low solubility, and 
the absence of electroactive impurities. In the carbon paste 
developed by Adams, the graphite powder is mixed with Nujol. 
The paste is generally packed in an electrode holder of Teflon 
or other indifferent material. To ensure electrical contact, mercury 
or a platinum contact is generally used. The measuring surface of 
the electrode is smoothed and renewed with a spatula or another 
smooth plate. The residual current of the carbon paste electrodes 
is small and the potential range extends from about -1.1 to +l.lV 
vs SCE, depending on the pH of the electrolyte used. Use of carbon 
paste electrodes in hydrodynamic voltammetry should be undertaken 
with due care so as not to disturb the surface. 
Gl assy Ca rbon 
Glassy carbon was first introduced by Yamada and Sato(57) . ' 
Starting from phenolic resins, they prepared a gas-impermeable car-
bon called glassy carbon. Glassy carbon electrodes were applied ,for 
the first time in electroanalytical chemistry by Zittel and Miller(5S). 
They showed that the usable potential range extends to positive values 
comparable to those for platinum. The range depends to some extent on 
the composition of the solution, Figure 1.5. In contrast to 
platinum, the glassy carbon electrode can also be used in the cathodic 
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.~ 
Zero current 
+ 1. 4 + 1. 2 + 1. 0 ---;_0'.-';;2,---.,.,....,.----,.,....,.--,,~---I 
E(electrode), V vs SCE 
FIGURE 1.5: Usable potential range for GCE in various mineral 
ad ds (58) 
range even in acidic solutions. 
Van Der Linden and Dieker(59) have recently reviewed the 
utility of glassy carbon as electrode material in electroanalytical 
chemi stry. 
Glassy carbon possesses many unique features and its prepara-
tion, structure and properties will be discussed. 
Preparation and Structure of Glassy Carbon 
Glassy carbon is generally formed by means of a carefully con-
trolled heating programme of a premodelled polymeric (phenol-formal-. 
dehyde) resin body in an inert atmosphere(60) . At temperatures 
above 3000C, a carbonization process starts. Care must be taken 
that the polymeric substance does not pass into a liquid or tarry 
state immediately prior to carbonization because a product quite 
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different from glassy carbon would then be obtained. The carboni-
zation process in which oxygen. nitrogen, etc are removed (3000 -
5000C) must proceed very slowly to ensure that the gaseous 
products can diffuse to the surface. Fast heating will lead to 
high pressures inside the material resulting in cracks, blisters 
and distortion. In the temperature range between 5000C and 
l2000C. hydrogen is gradually eliminated and only carbon will be 
left. 
The formation of the final structure of glassy carbon has 
been extensively studied by Jenkins and Kawamura(44l. They conclu-
ded that glassy carbon is made up from atomic ribbon molecules which 
are oriented randomly and are tangled in a complicated manner. 
Ordinary low resolution transmission electron micrographs show the 
edges consist of a network arrangement of strings or microfibrils, 
the thickness of each being about 30 R. Each string is considered 
to be a stack of graphite-like ribbon molecules. The thickness of 
each string is considered to Lc' determined by X-ray diffraction. 
The length of relatively straight parts of the molecules is esti-
mated to be 1 00 ~. whi ch is comparabl e to La ca 1 cul ated from X-ray 
diffraction studies. Orientation is random and fracture occurs at 
the interfibrillar boundary. "No loose ends" are apparent; that 
explains the characteristic chemical inertness of glassy carbon. 
In the interior of the fragment the material retains its essential 
randomness and microfibril continuity. 
3S 
A three-dimensional structure model for isotropic glassy 
carbon(44) is illustrated in Figure 1.6. 
FIGURE 1.6 
Typiui strong confluen~ 
, 
--' , 
Schematic structural model for a glassy carbon(44) 
In reality, the fibrils should be packed closer together to form a 
tighter mass. The strong confluences occur where ribbons merge into 
each other; weak confluences occur where ribbons overlap. 
Physical and Chemical Properties of Glassy Carbon 
The properties of glassy carbon have been discussed by Yamada 
and Sato(S7). Itiselectrically conducting, highly resistant to 
chemical attack, gas impenneable and obtainable in a relatively pure 
state. The physical properties of glassy carbon are di rectly related 
to the structure: the thennal properties are very similar to those 
of normal polycrystalline graphites with small crystalline sizes. 
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Glassy carbon is inert to most chemicals. Unlike other forms of 
carbon. glassy carbon may be used as electrode material in the pre-
sence of organic solvents and strong oxidising agents such as 50% 
hydrofluoric acid(23). 
Electrochemical Properties of Glassy Carbon Used as Electrode 
Material 
1. Usable potential range for glassy carbon: 
The glassy carbon electrode is suitable for use over the 
potential range from +1.2 to -O.BV vs SCE in aqueous acidic media 6B). 
In basic media. the cathodic limit may be extended to about -1.6V 
vs SCt::. The use of freshly prepared O.lM solution of tetrabutyl-
ammonium-hexafluorophosphate (Bu4NPF6) in sulpholane has provided 
an extended anodic potential of +2.70V vs SCE(61). The cathodic 
range has been satisfactorily extended by plating in-situ a thin 
mercury film on to the glassy carbon surface. 
2. Double-layer charging current: 
A major difficulty in voltammetry with nearly all stationary 
solid electrodes is high background current. This current may be 
due to impurities in the electrolyte or may arise from the double 
layer charging process. The capacitance of the double layer at the 
glassy carbon is much higher than that of mercury. This can be 
related to the build up of point charges on uneven surfaces. In 
the case of mercury. being a liquid. cohesive forces produce smooth 
surfaces resulting in much less charge build-up. This large current 
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does not, however, in itself prohibit the use of glassy carbon 
in voltammetry. At the relatively low sweep rate used in the 
analytical applications with glassy carbon electrodes, 5-10 mV s-l, 
the charging current is not of as great importance as for a DME, 
since the surface area for the solid electrode does not change 
during the recording of a voltammogram (provided it is not 
poisoned). Glassy carbon electrodes are used routinely with linear 
sweep for assays in concentrations of 10-6M which is lower than for 
the DME where 10-5M seems to be the lower limit for practical appli-
cations (in DC polarography). However, the discrimination against 
charging current could increase the signal to noise ratio for the 
glassy carbon electrode. In hydrodynamic voltammetry, the supply 
of electroactive material at the electrode surface is constantly 
renewed due to forced convection. The current at any fixed potential 
is independent of electrolysis time and hence the charging current is 
eliminated. 
3. Surface contamination: 
In comparison with the dropping mercury electrode, solid 
electrodes do not have a readily renewable surface. The maintenance 
of a constantly active surface on the indicator electrode after 
prolonged use still presents a major problem. Surface film forma-
ti on, adsorpti on of reactants, i ntermedi ates and products are al I 
k.nown to influence the reproducibility of peak current measurements 
with most types of sol id electrodes. The performance of these el ec-
trodes is critically dependent upon the method of preparation. 
Vari ous techniques have been proposed for cl eaning soli del ectrodes (1) • 
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Bond et al found that the use of pulse voltammetry instead of a 
linear sweep at a glassy carbon electrode for the reduction of 
silver ions in hydrofluoric acid media considerably increased the 
sensitivity. They attributed this to the discrimination against 
charging current by the pulse technique and to the simplification 
of the electrode process. That is, due to the return of the poten-
tial to the initial value between each pulse, the silver deposited 
on the electrode surface was dissolved again and a clean surface 
presented to the solution at the beginning of each pulse. However, 
this only works for reversible or partially reversible systems. 
A simple cleaning technique which requires less rigorous and less 
time consuming treatment of the glass carbon electrode surface has 
been devised for the determination of the phenolic analgesics in 
pharmaceutical dosage forms by linear-sweep voltammetry(62) • 
Later this method was used by Fogg and Bhanot(63) for cleaning the 
glassy carbon electrode during the voltammetric determination of 
food colouring matters. The glassy carbon electrode surface in this 
case can satisfactorily be renewed by washing it with organic 
solvents. 
Introduction 
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CHAPTER 2 
HETEROPOLY ACIDS 
In 1826 Ber.'ze1ius first prepared and analysed the heteropo1,y 
compounds, ammonium 12-mo1ybdophosphate, although it was not until 
Marignac's discovery of the tungstosi1icates in 1862 that such 
complexes were recognised as a distinct class. In 1908 Mio1ati 
made the first systematic attempt to understand the nature of 
heteropo1y compounds by suggesting a structure for these com-
pounds based on the ionic theory and We~ner's coordination 
theory; Mio1ati's theory was extensively developed and applied 
by Rosenheim and his co-workers (64) • 
Wider use of heteropo1ymo1ybdates, in both science and 
industry has been hindered by the complexity and confusion of 
the voluminous literature that has accumulated since Berze1ius' 
discovery in 1826. Analyses reported in the old literature are 
often inaccurate since the molecular weights are so high that 
small analytical errors produce great errors in the formula 
reported. Although at present the nature of heteropo1y compounds 
is well understood(65), these early theories served well as the 
groundwork for the future. 
The subject of heteropoly compounds has been covered in 
many recent reviews(65-68). This literature has primarily dealt 
with the structural chemistry and electronic properties of these 
complexes and has emphasised not only the heteropo1y anions of 
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molybdenum, but also those of tungsten and vanadium. In recent 
years, considerable interest has been shown in the heteropoly 
compounds of molybdenum not only in the structure and charac-
terization of such compounds but also in those aspects of their 
chemistry that has made them of importance to industrial applica-
tions (69) • 
Properties of Heteropolyacids 
The heteropoly compounds show the following general proper-
ties. 
1. Heteropolymolybdates generally have very high molecular 
weights for inorganic electrolytes ranging to over 4000. 
2. Free acids and most salts of heteropoly anions are extra-
ordinarily soluble in water and are often very soluble in 
several organic -solvents as well. 
3. The crystalline free acids and salts of heteropolymolybdates 
and heteropolytungstate anions are almost always highly 
hydrated. A given acid or salt will often form several 
solid hydrates. 
4. Many heteropoly compounds are highly coloured. 
5. Some heteropoly compounds, especially heteropolymolybdates, 
are strong oxidizing agents and can be very readily changed 
to fairly stable, reduced heteropolymolybdates. The reduc-
tion products are coloured an intense deep blue. In solution 
the blue substances obey Beer's Law of Light Absorption. 
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The reduced products can in turn act as reducing agents, 
and the original colours of the anions are restored on oxi-
dation. 
6. The free heteropolymolybdic acids are strong acids. The 
acids are always stronger than molybdic acid or the simple 
acid containing the central atom in a corresponding oxida-
tion state. 
7. All heteropolymolybdate and heteropolytungstate anions are 
decomposed by strongly basic solutions. 
Preparati ons 
Heteropolyacids 
The heteropoly molybdic acids formed when excess molybdate 
reacts' in acidic solution with phosphate, silicate, arsenate, 
, germanate and other oxy-anions are made the basis of sensitive 
methods for the determination of the corresponding elements. 
The heteropo1y anion formed in the common series of the 
12-mo1ybdoheteropo1y acids is of the type: 
or 
The central atom in the anion is p, to which the Mo atoms are 
coordinated'through 0 atoms. In the 12-heteropolymo1ybdic acids 
there are 12 Mo atoms arranged around the P, or other central 
atom. 
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The course of the reaction between phosphate and molybdate 
in acidic solution has not yet been elucidated. Stoichiometric 
studies(70) indicate that in nitric acid solution the reaction 
can be represented by 
-3 + H3P04 + 6 [MO(VI)]tol ==== P04 (Mo03)12 + 9H l2-molybdophosphate 
The fonnation of phosphomolybdic acid is rapid under analytical 
conditions, only a few seconds being required. The kinetics have 
been investigated(7l ,72). Phosphate and a Mo(VI) dimer react 
initially, and the polymerization to l2-Mo-P heteropolyacid 
x:: follows. Uhe rate law for the formation of l2-molybdophosphoric 
acid is given: 
d[12-MPA] 
dt 
2 K1K2 [H3P04][Mo(VI)] 
= Kl [H+]4 + K2[Mo(VI)] 
At acid concentrations less than O.SM a simpler relationship 
exists 
---, 
d[12a-rA] = Kl [H3P04] [11o(VI)] J 
The existence of two fonns a and e of heteropoly acids in 
a solution was postulated by Strickland(73). At high acidity 
and [H+]/[M004
2
-] ratio, they indicated that the unstable e form 
is produced, although the significance of the [H+]/ [Moct~ ratio 
has been challenged recently. It decays spontaneously into the 
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stable a form which is obtained at low acidity and [H+j/[M004
2
-j 
ratio. The existence of the a- and a-forms of heteropolymolyb-
dates has been reported and a structure for the a-form has been 
proposed by Chalmers and Sinclair(74,75). The unstable a-forms 
can be stabilized by addition of comparatively large amounts of 
polar organic solvents, especially acetone, presumably because 
the solvent displaces water from the surface of the heteropoly 
anion and so inhibits any reorganization of the structure of 
the anion. 
---pungor and Halasz(76-78) have provided more information on 
the chemistry of a- and a-heteropoly modifications. They found 
that the difference in molar absorptivities and other irregula-
rities found in the various heteropoly spectrophotometric pro-
cedures are not due to the presence of the heteropoly acids them-
selves, but isopoly molybdates formed with them. Procedures have 
been described for the simultaneous determination of two or three 
of the elements in a mixture of P, As, Si and Ge by varying acid 
and molybdate concentrations and wavelength. 
The assumption that the formation of the a- and a-forms were 
fundamentally dependent on the acid to molybdate mole ratio has 
gone uncha 11 enged unti 1 recently. Truesda 1 e and Srn; th (79 .sO) 
have rejected the above condition and instead have proposed a 
mechanism that involves only pH and molybdate concentration as 
theprimary factors that determine which form of molybdosil;cic 
acid is produced when molybdate and silicate species react. 
Their investigation showed that solutions of constant acid to 
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molybdate ratio could span a wide range of pH values. Thus, 
either form of molybd~silicic acid or a mixture of both forms 
could be formed in solutions with the same acid to molybdate ratio. 
They concluded that the form produced does not depend on the acid 
to molybdate ratio but on the pH and on the concentration of molyb-
date. 
Heteropoly Blues 
The heteropoly molybdic and tungstic acids have an important 
analytical property: they are reduced more easily than the parent 
molybdic and tungstic acids. With a suitable reducing agent used 
under proper conditions, as of acidity, the heteropoly molybdic 
(and tungstic) acid can be reduced to a soluble blue compound, 
known as heteropoly blue, without reduction of the excess molybdic 
acid. If the reducing agent is too strong or the acidity too low, 
the uncombined molybdic acid will also be reduced to a blue com-
pound, called simple molybdenum blue. Boltz and Mellon(?l) have 
used the term 'heteropoly blue' to designate the reduction product 
having an absorbance,maximum at 830 nm and the term 'molybdenum 
blue' to designate the blue reduction product exhibiting absor-
bance in the 650-750 nm region. The blue polymeric species produ-
ced when molybdophosphoric acid is reduced, has formed the basis 
of several colorimetric procedures. General studies of heteropoly . 
blue methods have been· made, largely empirical in nature, and 
these papers may be consulted for the effect of a number of 
variables and for transmission curves(8l-83). The heteropoly blues 
serve for the determination of·As and Ge as well as P and Si. 
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The heteropoly blue methods require fairly close control 
of conditions (as do the heteropoly acid methods). The choice 
of reductant is important, this affecting the time required for 
the reduction stage as well as the molar absorptivity of the 
blue product. Various reducing agents find use in heteropoly 
blue methods. Tin (11) chloride and certain organic reducing 
agents such as l-amino-2-naphthol-4-sulfonic acid + sulphate 
and hydroquinone have been frequently used in the detennination 
of phosphprus. Hydrazine sulfate is very suitable for the 
reduction of arsenimolybdate in boiling solution and can also 
be used for phosphomolybdate. More recently ascorbic acid has 
been used and is very good. Iron (11) sulfate has been used for 
the reduction of gennanomolybdate. 
The sensitivity of spectrophotometric methods based on hetero-
polyacid formation is not high, and depends on reaction conditions 
and whether extraction into an organic medium has been employed. 
The heteropoly acid may be reduced to molybdenum blue and the 
latter extracted, or it may be extracted first and subsequent 
reduction carried out in the organic phase. 
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Brief Review of Methods for the Determination of Phosphate 
The determination of ph09phate has a vast literature 
extending into such areas as: metallurgy. pharmaceuticals. 
food. water. biochemistry and agriculture. 
Phosphorus may be present in aqueous samples in many diff-
erent forms. A consideration of the chemical forms of phosphorus 
gives rise to the following broad classification: 
1. Orthophosphate. 
2. Condensed phosphates. 
3. Organic phosphorus; and 
4. Total phosphorus. 
Where the term 'condensed phosphate' is a general title for all 
phosphates whose acids have less water than orthophosphoric acid. 
The most frequently performed analysis is that for orthophosphate. 
Phosphorus in other forms frequently is converted to orthophosphate 
for analysis. No chemical methods exist for determining condensed 
phosphate as such(84). Use is made instead of their ease of hydro-
lysis in acidic solution. the condensed phosphates being converted 
to orthophosphate which is then determined. The condensed phos-
phate is calculated from the difference in the orthophosphate 
concentration before and after acid hydrolysis. Therefore the 
method is not very reliable at low concentrations~ Furthermore. 
acid hydrolysis might convert organic phosphorus to orthophosphate. 
although this can be minimised by judicious choice 'of reagent 
strengths. boiling time. and so on. In general analyses for 'ortho' 
and 'total' phosphorus are the most reliable. 
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Spectrophotometric Methods 
Phosphate can be determined by three main methods, as 
molybdophosphoric acid, its reduction product molybdenum blue, 
and the yellow molybdovanadophosporic acid. The most commonly used 
methods are based on the reaction of phosphate in acidic medi~m 
with molybdate ions to form the yellow colour of the 12-mo1ybdo-
phosphate, which is subsequently measured(85). Orthophosphate 
is the only form of phosphate that forms a complex with mo1ybdate(86) • 
Orthophosphate and molybdate ions combine in acidic solution to 
form mo1ybdophosphoric acid which. upon selective reduction, 
produces a heteropo1y blue complex. The sensitivity of the method 
depends on several factors which include the nature of the reduc-
tant. Although many reductants have been used under a variety of 
conditions, hydrazine su1fate(87-89), l-amino-2-naphthol-4-su1pho-
nic aCid~O), hydroquinone(91), ascorbic acid(92), are the most 
extensively used. The extraction of 12-mo1ybdophosporic acid 
eliminates the interference due to silicate, arsenate and germa-
nate. Extraction is one means of improving selectivity in phos-
phate determination by this method. The other approach is based 
on suppression of unwanted hetero species. Jakubiec and Bo1tz(93) 
extracted the molybdophosphonic acid (or its blue reduction pro-
duct) with propylene carbonate in CHC1 3. A 20% by volume solu-
tion of.1-butanol in chloroform has been recommended~4) as an 
appropriate extractant to isolate the molybdophosphoric acid 
not only from appreciable amounts of silicate, arsenate, and 
germanate but also from the excess molybdate, which exhibits 
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ultraviolet absorption. Paul(95) recommended isobutyl acetate 
to extract molybdophosphor;c acid from molybdosilicic and molyb-
doarsenic acids from a highly acidic solution containing perch-
loric acid. Instead of reducing molybdophosphoric acid in 
aqueous solution. the molybdophosphoric acid can be extracted 
with an immiscible solvent and then reduced to heteropo1y blue by 
shaking the extract with a suitable reductant(96.97). 
Suppression of unwanted hetero species will now be consi-
dered in more detail. It has been known for a long time that 
citric. tartaric and oxalic acids 
but not molybdosilicic acid(98). 
destroy mo1ybdophosphoric acid. 
Paul(95) reported that citric 
acid destroys mo1ybdoarsenic acid. and furthennore. that if HC104 
is added before ammonium molybdate. molybdosi1icic acid is preven-
ted from forming. Related to these were two other rather paradoxical 
reactions for which explanation was sought: 
l. If tartaric acid is added to a mixture ofmo1ybdophosphoric 
and mo1ybdosilicic acids. only the mo1ybdophosphoric acid is 
destroyed. 
2. If a composite reagent containing molybdate and tartaric 
acid is added to a mixture of phosphate and silicate. only 
the molybdophosphoric acid is formed. 
Chalmers and Sinclair(75) have explained this apparent contra-
diction in terms of the stability and kinetics of the reacting 
systems. 
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Fast 
Molybdophosphoric acid + tartaric acid = phosphate +molybdotartrate 
Mo1ybdosi1icic acid + tartaric acid Slow silicate + mo1ybdotartrate 
Reaction (1) above is explained by the fast reaction giving the 
molybdotartrate complex •. The molybdosi1icate is destroyed far 
more slowly. Therefore when the tartaric acid is added finally, 
mo1ybdosilicate remains for sufficient time to be measured and 
reduced to molybdenum blue. When tartaric acid is added initially, 
in the presence of the molybdotartrate complex, a small amount of 
mo1ybdophosphate is formed by equivibrium. This is quickly reduced 
to molybdenum blue in the presence of a reducing agent so that 
the equilibrium is further shifted to the left-hand side until 
all the phosphorus is in this form. The mo1ybdosilicate on the 
other hand, is formed slowly, and does not interfere with the 
phosphate determination. The experimental facts are thus explai-
ned. Chalmers and Sinc1air(75) have developed a spectrophotometric 
procedure for determination of phosphate and silicate based on the 
above facts. 
The molybdenum blue reaction is not specific for phosphorus 
because arsenic (V), germanium, and silicon. also form heteropo1y 
acids with molybdenum which also yield blue compound on reduction 
as does the molybdate reagent itself. Me1lon et al(8l,82) showed 
that the excess molybdate reagent would not be reduced at acid 
concentrations of the order of O.35N and above. Levine et al(99) 
reported that some selectivity for phosphorus could be obtained 
by control of acidity. They found that the heteropoly acids of 
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phosphorus and arsenlc may be reduced wlthout lnterference from 
small amounts of sillcon and germanlum at high acidity. 
Sherman(lOO) has shown that the interference of arsenic may be 
overcame by reducing it to arsenic (III), in which state it does 
not form a heteropoly compound; sodium hydrogen sulphite was 
used for this purpose(99). 
The effect of a numbe"r of cations and anions on the determi-
nation of phosphorus by molybdenum blue have been discussed by 
Kitson and Mel10n(83). They reported that barium, lead, mercury, 
silver, strontium, and zirconium give precipitates; on the other 
hand, bismuth, cadmium, chromium, copper, iron and zinc form com-
plexes which bleach the colour. 
A mixed heteropoly acid is formed when molybdate solution is 
added to an acidic solution containing orthophosphate and vana-
date ions(lOl). Kitson and Mellon(102) studied this method 
thoroughly and made recommendations concerning the optimum con-
centration of reagents. The optimum acidity is about 0.5N in nitric 
acid. Sulphuric perchloric, and hydrochloric acids can be used 
instead of nitric acid. Michelson(103) modified the molybdovanado-
phosphoric method by using very dilute reagents and measuring the 
absorbance at 315 nm. Nitric acid is not used in this modified 
method. A final acidity of 0.07N hydrochloric acid was used. The 
recommended concentration range is 0.2-1.5 ppm phosphorus. 
The extraction of molybdovanadophosphoric acid by an immiscible 
or organic solvent is the basis of another ultraviolet spectro-
photometric method for the determination of Phosphorus(104). The 
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recommended procedure utilizes a mixed reagent, similar in 
composition to that recommended by Michelson(l03 ), and 1-
pentanol as the extractant. Absorbance measurements are made 
at 308 nm. The optimum concentration range is 0.2-1.1 ppm 
phosphorus. One advantage of the molybdovanadophosphoric acid 
method, despite its much lower sensitivity than that of the 
heteropoly blues, is its relative freedom from the interferences 
caused by silicate and arsenate(l05) • 
Atomic Absorption Spectroscopy Methods 
Although atomic absorption spectroscopy has been success-
fully applied for the direct determination of trace amounts of, 
:~ .. 
many elements, this technique is not suitable for the determina-
tion of traces of phosphorus, arsenic and silicon either because 
their resonance lines lie in the vacuum ultraviolet reg;on.,or 
because of the formation of refractory compounds that are not 
completely dissociated in the flame. Zaugg and Knox(l06) des-
cribed an indirect procedure for the determination of inorganic 
phosphate by atomic absorption spectrophotometry. The phosphate was 
extracted as phosphomolybdate into 2-octanol and the molybdate 
stoichiometrically associated with the phosphate, was determined 
with anair-acetyleneflame.The method, however, is subject to 
interferences from both arsenic and silicon. Kirkbright et al(107) 
reported tll.e sequenti a 1 de termi nation of phosphorus and sil icon 
using a nitrous oxide-acetylene flame. Briefly, the phosphorus 
heteropoly acid is extracted quantitatively into isobutyl acetate, 
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and, after adjustment of acidity, the silicon is extracted 
into butanol. In each case the molybdenum is detenmined by 
atomic absorption. The method is highly selective due to the 
extraction procedure. Later, a direct method was reported 
by Kirkbright and Marshall (108) who used.a nitrogen-separated 
nitrous oxide-acetylene flame and a microwave-excited phosphorus 
electrodeless discharge source. Work is in progress in this labora-
tory to utilize heteropo1y acids for the atomic absorption deter-
mination of phosphate and other species forming heteropo1ymo1yb-
dates(109,l10) • 
Flame Emission Spectroscopic Method 
Emission spectroscopy is a very sensitive. technique that is 
applicable to all metals and to many nonmetals. Phosphorus can 
be detenmined spectrographically. The lines at 253.57 nm and 
255.36 nm are the most commonly used for phosphorus detenmination. 
Indirect emission spectroscopic methods have been suggested. 
Dippe1, Bricker and Funman(lll) used the depressive effect of 
phosphate on the emission of calcium and magnesium. Their method 
is restricted in range and sensitivity. Szebenyi-Gyory et a1(112) 
use a similar system except that a second metal, e.g. barium is 
introduced to partially displace calcium from the non-excitable 
species. The emission is measured for calcium in a solution con-
taining phosphate and barium such that the total metal concentra-
tion is always constant. Then, if the relative emission for calcium 
at 630 nm is plotted against the concentration of calcium, the 
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slope is proportional to the phosphate concentration. The method 
is claimed to be suitable for rapid determination. In a recent 
paper, Aldous, Oagnall and West(113) report a considerable 
improvement using a modified filter photometer containing a 
broad band-pass filter and modified burner. The detection limit 
for phosphorus is improved lOO-fold to 0.007 ppm: application 
is made to determination of phosphorus in organic and aqueous 
matrices after preliminary batch ion-exchange removal of cations. 
Gravimetric Methods 
The most generally accepted gravimetric analyses of phosphorus 
compounds involve the formation of insoluble phosphomolybdate, 
magnesium ammonium orthophosphate, or magnesium pyrophosphate. 
Precipitation as silver, barium, zirconium, iron, aluminium, or 
calcium phosphate can be used for gravimetric determination of 
phosphorus under certain conditions, but coprecipitation and 
occlusion often result in the precipitation of more than one 
type of insoluble phosphate species when several cations are pre-
sent. Therefore in many cases, a low phosphorus concentration and 
a need for continuous monitoring are better served by nongravi-
metric procedures. 
Ammonium phosphoramolybdate is an acid-insoluble yellow 
complex (formed from the reaction between phosphate and molybdate 
anions) that precipitates rapidly and is specific enough to use 
for gravimetric analysis. In its most common form, the reaction 
leading to the formation of phosphomolybdate can be represented as 
foll ows: 
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Once the organic matter has been oxidized and all of the phosphorus 
has been converted to the orthophosphate, the resulting solution 
is then ready for further treatment to precipi tate the phosphorus 
as phosphomolybdate. A method for precipitating phosphorus as quino-
line phosphiomolybdate was developed by Wilson(1l4). Initial 
attempts to use this method for gravimetric determination of 
phosphorus were thwarted by the difficulty in removing the last 
traces of water from the precipitate, so the precipitate was 
measured by an alkalimetric method, that is by quantitative 
neutralization of the quinoline phosphomolybdate precipitate with 
standardized alkali solution, a volumetric method of analysis. 
Phosphorus may be determined gravimetrically by precipitation as 
magnesium pyrophosphate, M92 P207J or as magnesium ammonium ortho-
phosphate hexahydrate, Mg NHl04.6H20. These methods are more 
sensitive than phosphomolybdate precipitation to interference 
from heavy-metal impurities, therefore they are most applkablEi to 
the analysis of systems that are free of metals whose phosphates are 
insoluble in ammoniacal solution. 
Electroanalytical Methods 
Phosphate ions are not electroreducible at the dropping 
mercury electrode. Therefore the polarographic determination of 
phosphate is based on the reduction of phosphomolybdic acid. 
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Phosphate ion can be polarographically determined by adding 
a known amount of molybdate and measuring the diffusion current 
due to the reduction of the excess molybdate(115-ll7). However, 
this method is disadvantageous to the spectrophotometric one, 
because the polarographic procedure is less sensitive and several 
other constituents interfere •. El-Shamy·et al(118,119) studied 
the reduction of 0.05 mM phosphomolybdic acid polarographically 
at the dropping mercury electrode. They stated that the polaro-
graphic reduction ofphosp~lOmolybdic acid is only of value, from 
the analytical point of view, when the total diffusion current is 
measured and taken into consideration in media apart from 
phosphoric and nitric acids, or potassium chloride. They also 
indicated that the discrepancy in behaviour of the two waves was 
actually due to the tendency of the heteropoly acid to form 
heteropoly blue as an intermediate product which resulted in a 
decrease of the diffusion current due to the lower electron con-
sumption. In such cases a linear relation between the diffusion 
current and concentration is obtained passing through the origin. 
They found that the behaviour of phosphomolybdic acid was largely 
dependent on the pH of the solution as well as on the concentration 
of the acid. 
Boltz et al(120) studied the reduction of phosphomolybdic 
acid in acetate buffer containing potassium chloride. The number 
of waves obtained depend on the pH of the solutions together with 
the concentration of phosphomolybdic acid. The waves obtained by 
the authors were not well-defined and the diffusion current was 
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only approximately proportional to the molybdenum content. 
Grasshoffand Hahn(12~ have found that in a supporting electro-
lyte consisting of sodium citrate in 20% methyl ethyl ketone at 
pH 4.04 an acid with the phosphorus to molybdenum ratio 1:12 
can be preparatively obtained. Its reduction proceeds stepwise, 
giving the third wave (at about -0.4V vs SCE) only in the pH range 
3.0-4.2. In an electrolyte containing sodium acetate, acetic 
acid, sodium chloride and sodium citrate after addition of 20% 
of methyl ethyl ketone, the molybdophosphoric acid undergoes 
reduction in two steps. The half wave potentials depend on the 
pH of the solution. The authors concluded that this reduction 
wave may be used for analytical determination of phosphorus in 
the range 3-30 ~g P/ml. 
Kambara et al(122) determined phosphate ion by extracting 
it as phosphomolybdate into methyl isobutyl ketone and adding to 
the organic extract an aqueous electrolyte solution and methyl-
cellosolve. This produces an homogeneous solution, in which the 
hexavalent molybdenum shows well-defined AC polarographic peaks. 
By this method 100 ~g of phosphate can be determined easily. 
A procedure has been developed by Fogg and Yoo(123) for the 
pulse polarographi c determination of nanogram amounts of ortho-
phosphate based on the reduction of molybdenum blue fonned from 
l2-molybdophosphate. The molybdenum blue is extracted into iso-
amyl alcohol from acid solution, and the extract is then washed 
free of excess molybdate with dilute sulphuric acid. Finally, the 
molybdenum blue is back extracted into a tartrate buffer and is 
determined by pulse polarography. Precise determination can be 
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made on 10 ng of P04-
3 
m1-1 in the polarographic solution. 
The determination of orthophosphate in aqueous media by 
differential pulse polarography has been developed recently(124). 
It is based on determination of the molybdenum in l2-phosphomolyb-
dic acid. High sensitivity was achieved by measuring the polaro-
graphic wave due to the catalytic reduction of perchlorate or 
nitrate in the presence of molybdenum (VI). The method is 
suitable for samples as small as 3.5 m1 which contain as little 
as 9.0 ng of phosphorus ml- l . 
Several potentiometric methods have been described for the 
determination of phosphate. Cullum and Thomas(125) determ.ined 
the total orthophosphate content of detergent powders by conver-
sion of phosphate to the diacid form, precipitation as AgP04, and 
potentiometric titration of the liberated acid. 
Borate, carbonate, silicate and sulphate do not interfere. 
Another method involves potentiometric titration in a borate-
buffered solution with precipitation of A93P04 at a silver elec-
trode(126). Although the reaction departs from ideal stoichio-
metry, the precision is such that good results may be obtained. 
Direct titrimetric determination of phosphate is possible 
with a silver nitrate solution, or Ag+ generated coulometrically 
from a silver anode in 80% ethanol-O.1M sodium acetate medium(127). 
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Here, the end-point is detected potentiometrically for solutions 
-4 down to 2 x 10 M in phosphate, or amperometrica11y for solutions 
down to 1.7 x 10-3M. 
Earlier studies on phosphate ion selective electrode invol-
ving bismuth phosphate were not successful due to potential drift 
and lack of se1ecti'vity., Nanjo, Rohm and Gui1bau1t(128) have 
developed liquid ion-exchange electrodes based on quaternary 
ammonium, arsonium and phosphonium salts as well as tripheny1 tin 
salts. These showed good sensitivity but again lacked selectivity. 
The same workers(129) have used the alternative approach of 
enzyme-based electrode. Here an enzyme selectively catalyses 
a reaction involving phosphate and the response is followed elec-
trically. 
Recently Novozamsky and Riemsdijk(130) described a phosphate 
ion-selective electrode based on silver phosphate as the e1ectro-
active material. The behaviour of the electrode is Nernstian, the 
response time is 2 min, the detection limit is 10-5M total phos-
phate, and the short term stability is within 0.5 mV. The most 
serious interfering ion is chloride but no interferences were 
found from pyrophosphates, nitrates or sulphates. 
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Brief ~evjew of the Methods for the Detennination of 
511 i ca e 
Introduction 
The detennination of silicate in aqueous solution is an 
important aspect of silicon analysis, the general procedure 
involving the conversion of other forms of silicon into soluble 
silicate as a preliminary step. Thus rocks, glasses, etc. are 
usually decomposed by fusion with NaOH and the melt dissolved 
in water to produce a silicate solution for evaluation. The 
importance of silicate analysis extends to semiconductors, 
metallurgical products, glass, rocks and industrial waters. 
Mo1ybdosi1icic acid has long been used for the spectrophoto-
metric determination of silicate. The fact that silicate and 
molybdate species combine together in an acid solution to fonn 
mo1ybdosi1icic acid has long been recognised and since the X-ray 
work of Keggi n (],31), the compos i ti on corresponding to the 
formula H4Si (M03010)4 has been generally accepted. Strick1and(73), 
in a series of papers, showed that there were two possible forms 
of mo1ybdosi1icic acid but both forms had the same empirical 
formula. He called the forms (l- and a-silicomo1ybdic acid. Cha1-
mers and Sinc1air(74,75) also studied the structure of (l- and a-
si1icomo1ybdic acids on the basis of Keggin's work and explained 
the difference between the two isomers. They reported that the 
(l-form was derived from octamo1ybdate and the a-form from deca-
or dodecamo1ybdate. 
Since the work of Strick1and(73), many analytical procedures 
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for the determination of silicon based on the formation of 
a- and s-si1icomolybdic acid at controlled acid to molybdate 
ratio have been reported. Most workers(76-78,132) appeared to 
have agreed with the acid to molybdate mole ratio concept and 
in some cases had emphasized its importance. But others, such 
as Grasshoff and Hahn(121,133) in addition, proposed that hydro-
lytic equilibrium was also involved in the 
dosi1icic acid. Truesdal~ and Smith(79,80) 
fOrmation of mo1yb-
have rejected the 
above conditions and instead have proposed a mechanism that 
involves only pH and molybdate concentration as the primary fac-
tors that determine which form of mo1ybdosi1icic acid is produced 
when molybdate and silicate species react. 
Spectrophotometrid Methods 
Silicate can be determined spectrophotometrically as 12-
mo1ybdosilicic acid and its reduction product molybdenum blue. 
The most commonly used methods are based on the reaction of 
silicate in acidic medium with molybdate ions to form 12-molybdo-
silicic acid. Mo1ybdosilicic acid has an absorption maximum at 
320 nm but the absorption has been measured between 345 and 410 nm(105) • 
Spectrophotometric procedures based on the formation of yellow 
mo1ybdosilicic acid are not very sensitive. Interferences due 
to phosphate, arsenic and germanium which also form heteropo1y 
acids with molybdate have been reported. 
An important factor is the existence of a- and s-isomers of 
mo1ybdosi1icic acid and the implication of this on analytical 
procedures(73). At low acidity the a-form is stable. The e-form, 
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which develops at high acidity, reverts slowly to the a-form. 
Both forms produce the familiar molybdenum blue species when 
reduced. Chalmers and Sinclair(74~75) use ~-molybdosilicic acid 
as the basis of a method with its more advantageous molar absorp-
tivity. This is accomplished by stabilizing the ~-form with ace-
tone. In order to derive selectivity in the presence of phosphate 
use is made of a device briefly referred to earlier, namely the 
suppression of unwanted species. The basis of this is that mannitol 
as well as citric, tartaric and oxalic acids destroy molybdophos-
phoric acid. 
An explanation of these reactions in terms of kinetics and 
thermodynamics of formation of corresponding acids is given in 
the phosphate section (see page 48) and will not be repeated 
here. A recent study by Pungor and co-workers(76-78) has provided 
more information on the interplay between the a- and ~- modifica-
tions. They show in their studies that when Si(IV), P(V), As(V) 
and Ge(IV) are present together, a complete analysis utilizing 
heteropoly acid formation is possible without recourse to separa-
tion or reduction. 
Molybdosilicic acid like the corresponding heteropoly acids 
of phosphorus and arsenic is easily reduced to molybdenum blue. 
Spectrophotometric methods based on the blue species are more 
sensitive than those employing the unreduced form, and their 
application has been more widespread. The maximum absorbance is 
at 800-820 nm. Various reducing agents have been suggested for the 
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reduction of molybdosilicic acid. Tin(11) chloride, was used by 
Trudell and Boltz(134). Mul1in and Riley( 13~ recommend meto1. 
Duce and Yamamura(136), find that l-amino-2-naphthol-4-su1phonic 
acid mixed with sodium hydrogen sulphite and sodium hydroxide is 
the most reliable in tenns of stability of the reduced species. 
Solvent extraction of unreduced mo1ybdosilicic acid is now 
established as a means of enhancing sensitivity. The heteropoly 
acid can be back-extracted into an aqueous phase and then reduced 
to molybdenum blue. Solvent extraction is particularly useful for 
detennination of silicate in the presence of arsenate and phosphate. 
Reduced mo1ybdosi1icic acid is not extracted as readily into orga-
nic solvents. Kakita and Goto(137), find that extraction of molyb-
denum blue into isoamyl alcohol is possible if the acid concentra-
tion of the aqueous layer is sufficiently high. 
An indirect near-infra-red spectrophotometric method for sili-
cate has been based on measuring the absorbance of the chloroform 
extract of a green complex formed between molybdenum and 2-amino-
4-chlorobenzenethiol hydroChloride038 ). 
Atomic Absorption Spectroscopy Methods 
The introduction of the nitrous oxide (N20) - acetylene 
flame into atomic absorption spectrophotometry extended its range 
to include such elements as silicon. There has been an increase 
in the number of papers on the detennination of silicon using 
atomic absorption but usually by an indirect method. In this· 
case the atomic absorption methods(107,139-141) are based on the 
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measurement of the molybdenum content of molybdosilicic acid. 
The concentration ranges of 0.1-0.4 ppm and 0.1-1.2 ppm of silicon 
are obtained for the indirect ultraviolet and atomic absorption 
spectrophotometri'c method respectively(139). The direct determi-
nation of silicon by atomic absorption has also been described(14~. 
This has a relatively poor sensitivity. McAuliffe(143) appears 
to be the first to apply atomic absorption successfully to the 
determination of silicon in steel, but even then difficulties in 
obtaining optimum operating conditions were reported. Recently a 
procedure has been developed in this laboratory(llO) for the 
determination of trace amounts of silicon by an indirect proce-
dure using atomic absorption carbon rod electrothermal atomization. 
After dissolution, the silicon is extracted as dodecamolybdosilicic 
acid into a mixture of ethoxyethane and pentan-l-ol (5 + 1). The 
co-extraction of excess molybdate reagent is prevented by the 
addition of citrate, which also masks phosphorus and arsenic. The 
organic layer is washed with hydrochloric acid and microlitre 
quantities transferred to the electrothermal atomizer and the 
molybdenum is measured. 
Gravimetric Methods 
Gravimetry is the oldest analytical technique for the 
determination of silicon. It is normally used for samples con-
taining more than 0.1% of silicon, at which level the results 
are both accurate and reproducible. The method involves separa-
tion of silicon as polymerized silicic acid from other elements 
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in the sample and its subsequent acid-dehydration, drying, igni-
tion and weighing as anhydrous silica, (Si02). 
Several gravimetric procedures have been based on precipita-
tion of molybdosilicic acid with organic bases, these including 
2,4-dimethyl-quinoline recommended by Miller and Chalmers(144) 
produces a precipitate with low solubility but hygroscopic in 
nature. For this reason ignition at 500-6000C to molybdosilicic 
anhydride is necessary. B-Hydroxyquinoline first recommended by 
Volynets(145). Recent investigations by Ohlweiler et al(146) 
describe its use for analysis of silicates containing P, Ti and 
Zr. More recently the gravimetric determination of silicate as 
quinolinium molybdosilicate has been used after preliminary sepa-
ration of phosphate as ammonium molybdOPhosphate(147). The method, 
applicable to 0.2-2.0 mg of each anion was developed for use in 
• 
elemental organic microanalysis. 
Electrochemical Methods 
Silicate ions are not reduced at a dropping mercury electrode. 
The polarographic determination of silicon is therefore based on 
the reduction of molybdosilicic acid. The reduction of molybdo-
silicic acid consists of several stages, depending on the suppor-
ting electrolyte in the system. BoHz et al ( l2q, in a brief report, 
appear to have been the first to study the polarographic behaviour 
ofmolybdosilicic acid. In a supporting electrolyte containing 
potassium chloride, hydrochloric acid, sodium acetate and acetic 
acid in varying proportions, with the pH at 3.5, they detected a 
wave with a half-wave potential at -O.55V vs SCE. The height of 
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the wave was proportional to the concentration of molybdosilicic 
acid. 
Grasshoff and Hahn(121,133) obtained three waves in their 
study of the polarographic reduction of molybdosilicic acid in a 
citrate buffer at pH 2.5. The first and third waves were due to 
the reduction of molybdic acid (sodium molybdate) whereas ;the 
second was characteristic of molybdosilicic acid. Asaoka(148) 
, described a modification of the methods of Grasshoff and Hahn(121,133) 
and of Kemula and Rosolowski(149). It involved the solvent extrac-
tion of molybdosilicic acid into iso-butanol, followed by polaro-
graphic reduction in a supporting electrolyte solution containing 
aqueous alcohol. The total height, of the two-step reduction wave 
(at -O.3V and -O.5V vs SCE respectively) was reported to be 
proportional to the amount of silicon present in the extract. 
A number of papers have appeared on the polarographic reduc-
tion of molybdosilicic acid in organic solvents. Kollar et al(150) 
reported the polarographic reduction of molybdosilicate ions in 
l,2-dichloroethane at several working electrodes (platinum, mer-
cury and carbon). Pottkamp and Umland(151) described a method 
for the polarographic determination of traces of silicon and phos-
phorus using a mixture of water, butyl acetate and ethanolic lithium 
chloride solution as supporting electrolyte. 
In this laboratory(152) silicate was determined as 12-
molybdosilicate by differential-pulse polagraphy at a dropping 
mercury electrode after masking 'excess of molybdate with tartrate. 
The procedure has been applied to the determination of silicon in 
iron an d s tee 1 (153 ) . 
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CHAPTER 3 
VOLTAMMETRIC DETERMINATION OF PHOSPHATE AT 
STATIONARY GLASSY CARBON ELECTRODE IN STATIC SYSTEM 
Introduction 
Fogg and Osakwe(152) developed a differential pulse polaro-
graphic method of determining nanogram amounts of silicon based 
on the reduction of e-12 molybdosilicate at the dropping mer-
cury electrode. Orthophos~hate and arsenate as well as excess 
molybdate were masked effectively in this procedure with 
tartrate. The procedure has been applied to the determination 
of silicon in iron and steel(153). 
A procedure has also been developed in this Laboratory 
for the differential pulse polarographic determination of 
nanogram amounts of orthophosphate based on the reduction of 
molybdenum blue formed from l2-molybdophosphate(123). The 
molybdenum blue is extracted into iso-amyl alcohol from acid 
solution, and the extract is then washed free of excess molyb-
date with dilute sulphuric acid. Finally, the molybdenum blue 
is back-extracted into a tartrate buffer and is pulse polaro-
-3 -1 graphed. Precise determination was made on 10 ngm of P04 ml 
in the polarographic solution. 
The aim of the present work was to develop a voltammetric 
method for determining orthophosphate as molybdenum blue at a 
stationary glassy carbon electrode. Molybdenum blue was expected 
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to give an anodic wave with no interference from excess molyb-
date which cannot be oxidized further. Molybdenum blue was 
shown to give an anodic peak at +0.30V vs SCE, which can be 
used to determine voltametrically concentrations of ortho-
phosphate greater than 25 ~g ml- l . 
A procedure for the determination of orthophosphate as 12-
molybdophosphate at a glassy carbon electrode has been deve-
loped during this study. 12-molybdophosphate was shown to 
give an apparent anodic peak at +0.14V vs SCE in acidic molyb-
date solution (pH 2) at a stationary glassy carbon electrode. 
The peak anodic current increases with the length of time that 
the electrode remains in contact \~ith the sample solution on 
open circuit. It was found that the anodic peak obtained is 
simply due to the reoxidation of the material already reduced 
at the electrode surface early in the scan. This was confirmed 
by cyclic voltammetry and by negative direction linear-sweep 
voltammetry which is completely cathodic. A procedure is given 
that can be used to determine concentrations of orthophosphate 
greater than 0.3 ~g ml-l Calibration graphs are non-recti-
linear but good precision can be obtained. 
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Experimenta 1 
Voltammograms were obtained using a PAR 174 polarographic 
analyser (Princeton Applied Research) with three-electrode 
operation (glassy carbon electrode, platinum counter electrode 
and calomel reference electrode). The glassy carbon electrode 
was manufactured by EDT Research. For both linear-sweep 
vo1tammetry (LSV) and differential-pulse vo1tammetry (DPV) a 
sweep rate of 5 mV s-l was employed: for the latter technique 
a pulse height of 5D mV and a pulse frequency of 0.5s were 
used. 
Reagents 
Standard orthophosphate solution 3 x 10-3M 
-1 -3 (285 ~g m1 of P04--) 
Dissolve 0.408 gm of analytical-reagent grade potassium 
dihydrogen orthophosphate in water and dilute to 1.0~ in a 
calibrated flask. This solution is 3 x 10-3M in orthophosphate. 
Less concentrated standard solutions were prepared by dilution. 
Acid molybdate solution, 2% m/v 
Add 35 m1 of analytical-reagent grade concentrated sulphuric 
acid to 200 m1 of water. Dissolve 5.0 gm of ammonium molybdate 
in the resulting .solution and dilute when cold to 250 m1 with 
water. 
Hydrazinium sulphate, 0.15% m/v 
Dissolve 0.15 gm of hydrazinium sulphate in 100 m1 of 
water. 
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Voltammetric Determination of Orthophosphate as Molybdenum 
Blue 
Previous studies(B8 ,89 ) have shown that complete and precise 
reduction of 12-molybdophosphate to molybdenum blue at levels 
normally used in colorimetry could be effected by means of 
hydrazine sulphate. Satisfactory conditions for complete 
formation of molybdenum blue had been found previously in this 
laboratory(123). One preliminary experiment was carried out 
according to Fogg and Yoo's method concerned with the determi-
nation of orthophosphate by the molybdenum blue procedure. 
Transfer by pipette aliquots of the standard orthophosphate 
solution containing 0.25-1.5 mg of orthophosphate into a series 
of 50 m1 calibrated flasks to each add 5 ml of acid molybdate 
solution and 2.5 ml of 0.15% hydrazinium sulphate solution. 
Dilute to about 20 ml with water and gently mix the solutions 
by swi rl i ng. Hea t the flasks in a boil i ng water bath for 15 
min, cool to room temperature. Transfer each solution quantita-
tively to a 100 ml separating funnel using about 10 m1 of water. 
Sulphuric acid solution (5 m1, 2.5M) and 10 m1 of iso-amyl 
alcohol were added, and the molybdenum blue was extracted by 
mixing the two layers gently for about 30 sec. The aqueous layer 
was discarded and the organic layer was washed twice with 5 m1 
amounts of 2.5M sulphuric acid solution, discarding the washings. 
Tartrate buffer solution 10 m1 pH 3.0 (75 gm of tartaric acid 
disso1 ved in 300 m1 of water, 100 m1 of 5% m/v sodi um hydroxide 
solution added and the resulting solution diluted to 500 ml) was 
added and the molybdenum blue was back-extracted into the aqueous 
layer. 
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The buffer solution containing the molybdenum blue was 
transferred to a 50 ml calibrated flask. The organic layer 
was washed with a further 20 ml of buffer solution and then 
with two successive 8 ml amounts of water, adding the washings 
to the calibrated flask. The contents of the flask were diluted 
to 50 ml with water and were mixed thoroughly. The solutions 
were transferred to a voltammetric cell, deoxygenated by 
bubbling nitrogen gas through them for 5 minutes. 
In this procedure, however, twice the amount of molybdate 
used previously in this laboratory, was used in order to give 
a maximum excess of molybdate at high concentrations of ortho-
phosphates determined. When even higher concentrations of moly-
bdate were used, the blank gave a new anodic wave at +0.4V. 
It should be noted that the blank is normally blue in colour 
but gives no anodic or cathodic waves. 
Typical anodic and cathodic vo1tammograms for molybdenum 
blue obtained at the glassy carbon electrode after extraction 
into iso-amyl alcohol and back extraction into pH 3.0 tartrate 
buffer are shown in Figures 3.1 and 3.2. It was clear that 
the waves were not well defined, and that further improvement to 
the method was required. The optimized procedure is as 
follows. 
Procedure 
Transfer by pipette a1iquots of the standard orthophosphate 
solution containing 0.25 - 1.5 mg of orthophosphate into a series 
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of 50 m1 calibrated flasks. To each add 5 ml of acid molyb-
date solution and 2.5 ml of 0.15% hydrazinium sulphate solu-
tion. Dilute to about 20 ml with water and gently mix the 
solution by swirling. Heat the flasks in a boiling water 
bath for 15 min, cool to room temperature, dilute the solu-
tions to 50 ml with water and mix. Obtain a linear sweep 
or differential pulse voltammogram scanning between 0 and 
+O.6V. 
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FIGURE 3.1 Anodic voltammogram of molybdenum blue after extraction 
into iso-amyl alcohol and back extraction into pH 3.0 
tartrate buffer. Equivalent orthophosphate concentration 
in measured solution A 0; B 1; C 2; 0 3; and 
E 4 x 1O-4M 
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FIGURE 3.2 Cathodic vo1tammogram of molybdenum blue after extraction 
into iso-amyl alcohol and back extraction into pH 3.0 
tartrate buffer. Equivalent orthophospate concentration 
in measured solution A 0; B 1; C 2; 0 3; and 
E 4 x 1O-4M. 
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Results 
Typical linear sweep and differential pulse voltammo-
grams for molybdenum blue in dilute sulphuric acid (pH 2) are 
shown in Figures 3.3 and 3.4. 
The procedure for the determination of orthophosphate as 
molybdenum blue has been recommended only for amounts of 
orthophosphate greater than 0.25 mg, because at lower amounts 
than this the blank becomes unacceptably high. The use of 
smaller amounts of molybdate did not improve the blanks 
significantly. For the recommended procedure the coefficient 
of variation was 2% at the 2 x 10-4M level (10 determinations). 
Brief deoxygenation (5 min) with nitrogen gas was included, as 
it seemed to improve the shape of voltammograms slightly. 
It was found that heating of the solution before scanning 
shifted the fi rs t peak to a more positi ve potenti a 1 : the peak 
that appeared at +0.14V was then absent and the second peak at 
+O.3V became better formed and was used for measurements. 
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FIGURE 3.3 Anodic voltammogram (LSV) of molybdenum blue in dilute 
sulphuric acid (pH 2). Equivalent orthophosphate con-
centration in measured solutions: A 0; B 1; C 2; 
D 3 and E 4 x 1O-4M. . 
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FIGURE 3.4 Anodic voltammogram (DPV) of molybdenum blue in dilute 
sulphuric acid (pH2). Equivalent orthophosphate con-
centration in measured solutions: A 0; B 1; C 2; 
D 3 and E 4 x 10-4M 
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Voltammetric Determination of Orthophosphate as 12-Molybdo-
phosphate 
During the development of a new procedure for the determi-
nation of orthophosphate as molybdenum blue, the first step 
includes the formation of 12-molybdophosphate from the reaction 
of orthophosphate with acid molybdate solution. The solution 
was left for 15 min to complete the formation of the hetero-
polyacid and then the solution was diluted to 50 ml with water. 
Unexpectedly 12-molybdophosphate was found to give an anodic 
wave at +0.14V vs SCE (scanning between OV and +0.3V). A simpler 
and more sensitive procedure for the determination of ortho-
phosphate has been developed based on this wave. 
Procedure 
Transfer by pipette aliquots of standard orthophosphate 
solution containing 5-1500 ~g of orthophosphate into a series 
of 50 ml calibrated flasks. To each add 5 ml of 2% acidic molyb-
date solution and dilute to about 20 ml with water. After 
allowing to stand for 15 min, dilute the solution to 50 ml with 
wa ter. 
Transfer each solution in turn into a voltammetric cell 
and deoxygenate for 5 min with nitrogen gas without putting the 
glassy carbon electrode into the solution. Place the clean, 
dry glassy carbon electrode in the solution. After 10 sec, 
close the cell circuit with the initial potential at OV in 
either D.C. or D.P. mode. After a further 20 sec, when the 
current has stabilised, obtain a linear sweep or differential 
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pulse voltammogram between 0 and +O.3V. 
Clean the glassy carbon electrode between scans by washing 
it with l.OM sodi um hydroxi de sol uti on and then water. Occa-
sionally, when the surface of the electrode becomes tarnished, 
polish it with alumina and ethanol on a polishing cloth. 
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Resul ts 
Typical linear-sweep and differential-pulse voltammograms 
for 12-molybdophosphate in dilute sulphuric acid (pH 2) are 
shown in Figures 3.5 and 3.6. The voltammetric signal for 
12-molybdophosphate increases with the length of time the glassy 
carbon electrode is in the sample solution on open circuit before 
making the scan (Table 1). this does not occur with the first 
(main) peak of molybdenum blue. 
TABLE 1: 
Effect of the length of time the glassy carbon electrode is 
in contact with a 2 x 10-~M sample solution before scanning on 
the differential pulse voltammetric peak current 
Time (min) 0.5 5 15 25 40 
12-molybdophosphate peak (+O.14V). pA 70 78 89 99 lOB 
Molybdenum blue peak (+0.30V). pA 76 77 81 74 
The coefficient of variation for 10 scans (DPV) with a 
2 x 10-4M solution of 12-molybdophosphate was 2.5% when the 
stri ctly timed procedure was used and the electrode was cleaned 
between scans. The calibration graphs were not rectilinear: 
this is clearly seen from the differential-pulse voltammetric 
currents obtained over two orders of magnitude of con centra-
tions (Table 2). 
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FIGURE 3.5 Anodic voltammogram (LSV) of l2-molybdophosphate in 
sulphuric acid solution (pH 2). Equivalent ortho-
phosphate concentration in measured solution: 
A 0; Bland C 2 x 10-4M 
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Anodic voltanmogram (DPV) of 12-mo1ybdophosphate in 
sulphuric acid'~lution (pH 2). Equivalent ortho-
phosphate concentration in measure94s01ution: 
Aa; B 1; C 2; 03 and E 4 x .10 M . 
TABLE 2: 
Concentration of P04-
3 
1.0 x 1O-6H 
1.0 x 10-5M 
1.OxlO-4tl 
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Peak Height in pA 
1.40 pA 
8.00 pA 
40.00 pA 
The procedure given for the determination of orthophosphate 
as 12-molybdophosphate can be used to determine concentrations 
of orthophosphate greater than 0.3 pg ml-l • Although calibration 
graphs are non-rectilinear, good precision can be obtained. 
A brief deoxygenation with nitrogen gas is recommended, as this 
seemed to improve the shape of the voltammogram slightly. 
This step may prove to be unnecessary in some applications. 
Cyclic voltammograms were taken for 12-molybdophosphate and 
molybdenum blue methods, scanning fromOV to +0.8V. The voltammo-
grams are shown in Figures 3.7 and 3.8. It is clear that with 
both 12-molybdophosphate a'nd molybdenum blue the anodic waves 
exhibit some measure of reversibility. 
It was found as mentioned before that 12-molybdophosphate 
is adsorbed at the electrode surface when it is in the sample 
solution on open circuit before making .the scan. When linear-
sweep voltammogram for 12-molybdophosphate was taken from +0.4V 
in negative direction (-ve), it shows only cathodic behaviour, 
see Figure 3.9a. When linear-sweep voltammograms for the same 
solution were obtained from DV in the positive direction (+ve) 
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the current obtained showed cathodic behaviour and then became 
anodic as shown in Figure 3.9b. It would appear that the anodic 
peak obtained in the second case is simply due to the reoxida-
tion of the material already reduced in the surface of the 
electrode. 
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FIGURE 3.7 Cyclic voltammogram of l2-molybdophosphate in sul-
phuric acid solution (pH 2). Equivalent ortho-
phosphate concentration: A 0 and B 2 x lO-4M 
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FIGURE 3.8 Cyclic voltammogram of molybdenum blue in sulphuric 
acid solution (pH 2). Equivalent orthophosphate 
concentration: A 0 and B 2 x lO-4M 
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FIGURE 3.9: Linear-sweep voltammogram of 12-molybdate 
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Discussion 
The origin of the anodic voltammetric wave of l2-molybdo-
phosphate appears to be the re-oxidation of material reduced 
early in the scan. This was confirmed by cyclic voltammetry, 
Figure 3.7 and by negative direction linear-sweep voltammetry 
(+ 0.4 to OV) Figure 3.9a.which is completely cathodic. 
Clearly, l2-molybdophosphate is adsorbed in some form at 
the surface of the glassy carbon electrode on open circuit, 
and increased adsorption produces an increased anodic signal. 
The high ratio of the differential-pulse current relative to 
the linear-sweep current would be expected for an adsorption 
process. 
The rossibilities of determining orthophosphate voltammetrical-
ly,as molybdenum blue with or without previous extraction have 
also been demonstrated. It was found that orthophosphate can be 
determined by this method for amounts of orthophosphate greater 
than 0.25 mg because at lower amounts than this the blank becomes 
unacceptab 1 e. 
The determination of orthophosphate as l2-molybdophosphate 
directly at a glassy carbon electrode is very simple but is 
complicated by adsorption phenomena which cause non-rectilinear 
calibration graphs to be obtained. Considerable further work was 
clearly required in order to realise the full potential of the 
method and this work was subsequently undertaken. This includes 
the adaptation to flow systems (see Chapter 7,8) a study of inter-
ferences and their masking. the determination of other phosphate 
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species. the determination of silicate (see Chapter 4). and the 
development of application procedures. 
Preliminary studies indicate that the masking procedures used 
in spectrophotometri c methods will prove to be adaptabl e readily 
to the vol tammetric method (see Chapter 4). 
No interference was observed in the above procedure based 
on 12-molybdophosphate from similar amounts of silicate or 
arsenate or from 100 times the amount of nickel(ll). aluminium 
(111) or zinc(ll). Slight interference is noticeable when ten 
times the amount of either copper(ll) or iron(lll) is present. 
Orthophosphate can be determined spectrophotometrically as 
12-molybdophosphate. molybdenum blue or molybdovanadophosphate 
at the same levels that can be determined voltammetrically by 
the recommended procedures. The sensitivity of the voltammetric 
method. however. should be capable of being increased consi-
derably by the use of a flow cell. provided that the adsorption 
problem can be overcome. 
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CHAPTER 4 
DIFFERENTIAL PULSE ANODIC VOLTAMMETRIC DETERMINATION OF 
PHOSPHATE, SILICATE, ARSENATE AND GERMANATE AS 
~-HETEROPOLYMOLYBDATE AT A STATIONARY GLASSY CARBON 
ELECTRODE 
Introduction 
The literature survey given in Chapter 2 shows that for 
ana lyti ca 1 purposes, it is necessary that one of the two forms 
(a- and ~-) of l2-molybdoheteropolyacids as postulated by 
Strickland(73) should be formed exclusively, if any meaningful 
results are to be obtained. using a spectrophotometric method to 
determine the amount of heteropoly acid. The formation and 
subsequent use of ~-12-molybdoheteropoly acid appears to be the 
more attractive alternative because it is quicker to form and 
use, provi ded a means is found to s tabi 1 i se and prevent its 
spontaneous transformation into the a-form. 
Chalmers and Sinclair(74) developed a colorimetric procedure 
for the determination of silicate based on the formation of 
~-12-molybdosilicate. The ~-12-molybdosilicate was stabilised and 
prevented from being transformed into the a-form by the addition 
of acetone. The addition of acetone was also claimed to accele-
rate the rate of formation, and to intensify the colour of the 
l2-molybdosilicate. It was found that it could also be applied 
to the determination of arsenic., germanium and phosphorus as 
their heteropoly acids. 
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12~molybdophosphate gives an anodic wave at a stationary 
glassy carbon electrode, and this wave has been made the basis 
of a method of determining orthophosphate (see previous chapter). 
Thus voltal11T1etry can serve as an alternative finish to spectro-
photometry for the determination of phosphate: this method 
may be of advantage in terms of sensitivity and convenience 
in automatic analysis using flow systems (to be discussed 
later). 
The voltammetric finish should be applicable to a range of 
heteropolyacid procedures for silicate, arsenate and germanate 
as well as for phosphate. In this chapter, its appli cations to 
the determination of these ions under the sol ution conditions 
developed by Chalmers and Sinclair(74,75), i.e. the stabiliza-
tion of the 8-heteropolymolybdate with acetone to prevent its 
conversion into the corresponding n- heteropolymolybdate.is 
described. Their direct procedures for the spectrophotometric 
determination of arsenate and germanate(74) have been adapted but 
in the case of phosphate and silicate the procedures adapted 
were those for selective determination in mixtures, by use of 
masking procedures(75). To determine silica, 8-12-molybdophosphate 
is destroyed by the addition.of mannitol (excess of molybdate being 
simultaneously masked), and in the determination of phosphate, 
8-12-molybdophosphate is formed in the presence of tartaric acid 
under conditions in which 8-12-molybdosilicate is not formed. 
Anodic voltammetry at a stationary glassy carbon electrode 
has been applied to the determination of phosphate (in the presence 
of silicate), silicate (in the presence of phosphate), arsenate 
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and germanate as 6-heteropolymolybdates stabilized with acetone. 
with the solution conditions of existing colorimetric proce-
dures ( 74.75). 
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Experimental 
Differential pulse vo1tammograms were obtained with a 
PAR 174 polarographic analyser (Princeton Applied Research) 
with three electrode operation (glassy carbon working elec-
trode, platinum counter-electrode and calomel reference elec-
trode). The glassy carbon electrode (EA 286) was manufactured 
by Metrohm. A sweep-rate of 5 mV/sec, a pulse height of 50 mV 
and a pulse frequency of 0.5 sec were used. A strictly timed 
sequence was used in obtaining the vo1tammograms. The clean, 
dry glassy-carbon electrode was placed in the solution to be 
analysed for 10 secs on open circuit before the circuit was 
closed at OV. Scanning was commenced after a further 20 sec 
when the electrode signal had settled. 
The glassy-carbon electrode was cleaned between scans by 
washing in 1M sodium hydroxide, and then water, with the aid 
. of non-abrasive tissues as mentioned previously (see Chapter 3). 
This did not seem to be absolutely essential, however, with the 
present partly non-aqueous solution conditions, and this cleaning 
step could possibly be omitted. 
The solution conditions developed by Cha1mers and Sinc1air(74,75) 
were found to be directly applicable in the vo1tammetric procedures. 
The procedures given below are essentially those of Cha1mers and 
Sinc1air(74,75), except for the vo1tammetric finish. The original 
papers should be consulted for further details as to how the 
solution conditions for the formation and stabilization of 
s-heteromo1ybdates were optimized. 
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Reagents 
Standard phosphate solution, approximately 0.28 mg of P0 4-
3 
ml- l : 
Dissolve about 0.4 gm, accurately weighed, of potassium dihydro-
gen phosphate in water and dilute to 1.0 litre in a standard flask. 
Standard silica solution, approximately 0.05 mg of Si02 ml-
l : 
Weigh accurately about 0.05 gm of quartz into a nickel crucible 
and fuse it with about 2 gm of sodium carbonate. Cool the melt, 
dissolve in water, dilute to 1 litre and store in polythene. 
Standard arsenate solution, As, approximately 0.24 mg ml- l : 
Weigh accurately about 2.0 gm of disodium hydrogen arsenate 
heptahydrate, dissolve it in water and dilute to 1.0 litre. 
Standard germanium solution, Ge, approximately 0.22 mg ml- l : 
Dissolve about 0.16 gm, accurately weighed, of germanium 
dioxide in dilute ammonium solution (silica-free), neutralize 
with dilute sulphuric acid and dilute to 500 ml. 
Ammonium molybdate solution, 8% w/v: 
Prepare and store in polythene. 
Ammonium molybdate/sulphuric acid solution: 
Dissolve 40 gm of ammonium paramolybdate tetrahydrate in 500 ml 
of water in a polythene beaker, and add 500 ml of lM sulphuric 
acid. Mix and store in polythene. 
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Sodium molybdate/tartaric acid/hydrochloric acid solution: 
Dissolve 15 gm of sodium molybdate dihydrate and 12 gm of 
tartaric acid in water, add 46 ml of concentrated hydrochloric 
acid and dilute to 500 ml. A brown colour develops in the reagent 
sol uti on after a few days: di sca rd it three days after prepara-
tion. 
Procedure for Phosphate: 
Place 26 ml of acetone and 10 ml of sodium molybdate/tartaric 
acid/hydrochloric acid solution in a 50 ml standard flask, add 
the sample solution containing 0.05-1.5 mg P04-
3
, dilute at 
once to the mark and mix. During the next 30 mins transfer the 
solution to the voltammetric cell and obtain a differential pulse 
voltammogram between 0 and +0.5V. 
Procedure for Silicate: 
Place 10 ml of the ammonium molybdate/sulphuric acid solution 
and 5 ml of acetone in a 50 ml standard flask. Add the sample 
solution containing 0.15-1 mg of silica. Rinse down the inside of 
the neck of the flask, mix the solution and let it stand for 
15 min. Add 10 ml of 10% mannitol solution, dilute to the mark, 
and mi x. After 15 mi n transfer· the sol ution to the voltammetri c 
cell and obtain a differential pulse voltammogram between 0 and 
+0.5V. 
Procedure for Arseni c: 
Pipette an aliquot of sample solution containing 0.4-1.5 mg 
of arsenic(V) into a 50 ml standard flask. Add 7 ml of 4M sulphuric 
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acid, 7 ml of 8% ammonium molybdate and 16 ml of aceton~ dilute 
to the mark with water and mix. After 30 min transfer the solution 
to the voltammetric cell and obtain a voltammogram between 0 and 
+0.6V. 
Procedure for Germanium: 
In a 50 ml standard flask place 6 ml of ammonium molybdate 
solution, 10 ml of acetone, and 3 ml of lM sulphuric acid. Add an 
aliquot of sample solution containing 0.4-1.5 mg of germanium, 
dilute to the mark with water, mix and allow to standard for 
5 min. During the next 20 min transfer the solution to the 
voltammetric cell and obtain a differential pulse voltammogram 
between 0 and +0.5V. 
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Results 
Typical differential-pulse voltammograms obtained to produce 
calibration graphs for the determination of phosphate, silicate, 
arsenate and germanate by the recommended procedures are shown 
in Figures 4.1 to 4.5. The calibration graphs are slightly 
curved, proportionately smaller signals being obtained at higher 
concentrations, but reproducibility is good,typical coefficients 
of variation (10 determinations) being < 3%. In the procedures 
for the determination of phosphate and silicate at least a 10-
fold molar ratio of the other anion can be tolerated using the 
masking procedure, which is as follows:, 
Tarta ri c aci d Phosphate + Acid Molybdate Acetone) tl-12-Molybdophosphate (stable) 
Silicate + Acid Molybdate Tartaric aCid) tl-12-Molybdosilicate Acetone (not formed) 
Phosphate + Aci d Molybdate Acetone. tl-12-Molybdophospha te 
Silicate + Acid Molybdate 
I mannitol 
tl-12-M01Yb!OPhosPhate ( Destroyed) 
Acetone,. tl-12-Molybdosilicate 
(s tab 1 e) 
The two reaction mechanisms have been already discussed in earlier 
literature survey for phosphate determination. 
(1 ) 
( 2) 
Under the solution condi tions of the previous procedure for 
phosphate (see Chapter 3), continuous adsorption of 12-molybdophosphate 
occurred at the glassy carbon electrode, resulting in higher signals. 
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Voltammograms of S-12 molybdophosphate. Equivalent 
orthophosphate concentrations: A,O; B,l; C.2; 
0,3 and E,4 x lO-4M 
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FIGURE 4.2 Voltammograms of 8-12 molybdophosphate. Equivalent 
orthophosphate concentrations: A,D; B/l; e/2; 
D/ 3 and E,4 x 1O-5~1 
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FIGURE 4.3 Voltammograms of S-l2 molybdosilicate. Equivalent 
silicate concentrations: A,O; B,l; C,2; D,3 and 
E,4 x lO-4M . 
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FIGURE 4.4 Vo1tammograms of 8-12 mo1ybdoarsenate. Equivalent 
arsenate concentration: A,O; B,l; C,2; D,3 
and E,4 x 1O-4M 
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FIGURE 4.5 Vo1tammograms of 8-12 mo1ybdogermanate. Equivalent 
germanate concentrations: A,O; 8,1; C,2; 0,3 
and E.4 x 1O- 4M 
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Thus the size of the differential-pulse current depended on the 
length of time the glassy-carbon electrode had been in contact with 
the measured solution before the voltammogram was run. This was 
not the case here under the partially non-aqueous condition; 
nevertheless it is convenient to standardize with the minimum 
times needed to allow the electrode and the voltammetric signal 
to stabilize before the scan,i.e. when a strictly timed procedure 
was used (place clean, dry glassy-carbon electrode in the measured 
solution. After 10 sec close the cell circuit with the initial 
potential. After 20 sec, when the current has stabilized, obtain 
differential-pulse voltammogram). 
The voltammograms obtained are clearly characteristic of 
the individual heteropoly acids, but no attempt has been made to 
correlate the voltammograms with the structures of the heteropoly 
aci ds . 
Positive-going and negative-going linear-sweep and cyclic 
voltammetric experiments have been carried out on the phosphate 
and silicate system. This indicates that the peaks obtained in 
the positive-going scan used in the present procedures (see 
Figures 4.6 and 4.7) arise from the oxidation of the material 
reduced earlier in the scans, as is also the case with the aqueous 
phosphate system (see Chapter 3). 
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FIGURE 4.6 Cyclic voltammogram of 8-12 molybdophosphate. (LSV) Positive-going direction (QV to +0.6V) 
orthophosphate concentration 2 x 10-4M 
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FIGURE 4.7 Cyclic voltammogram of a-12-molybdosilicate. (LSV) 
Positive-going direction (OV to +0.6V) Sil icate 
concentration 2 x 1O-4W 
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Discussion 
The origin of the anodic voltammetric waves of tl-heteropoly 
aci ds appea rs to be the reoxi da tion of material reduced ea rly in 
the scan. This was confil1ned by cyclic voltammetry, and by 
positive-going direction linear-sweep voltammetry (OV to +0.6V) 
see Figures 4.6 and 4.7. 
The intention of thll present work is to illustrate the 
possibility of using anorlic voltammetry at a stationary glassy-
carbon electrode to deter,nine phosphate, silicate, arsenate and 
germanate as heteropoly acids, rather than to recommend the 
vo ltammetri c procedures Hi ven in pl ace of the analogous spectro-
photometric ones. Indeed the Voltammetric methodology is more 
complicated than that of colorimetry and would be less suitable 
for straightforward analYSis. The use of the voltammetric method, 
however, may have advantoges in some applications involving 
coloured or turbid solutions. Further studies are being made 
of applications with hYdrodynamic systems (see Chapter 7 ). 
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CHAPTER 5 
DIFFERENTIAL-PULSE VOLTAMMETRIC DETERMINATION OF 
PHOSPHATE AS MOLYBDOVANADOPHOSPHATE AT A GLASSY 
CARBON ELECTRODE 
Introduction 
In the presence of vanadium (V) and molybdenum (VI), phosphate 
gives a yellow colour in acid solution due to the formation of 
vanadomolybdophosphoric acid complex. The reaction was proposed 
as the basis of a colorimetric method for phosphate determination 
by Kitson and Mellon(lO~. 
Previously orthophosphate was determined as 12-molybdophos-
phate in aqueous acidic molybdate solution by linear-sweep 
voltammetry and differential pulse voltammetry at a stationary 
glassy carbon electrode in a static system (see Chapter 3). 
Furthe~ the solution conditions of four spectrophotometric methods 
based on the formation of s-heteropo lymolybda tes of orthophosphate. 
silicate, arsenate and germanate were used in the determination 
of these ions by similar voltammetric methods (see Chapter 4). 
In this chapter a procedure ,is, given for the differential-pulse 
voltammetric determination of orthophosphate as molybdovanado-
phosphate at a glassy carbon electrode. The solution conditions 
of the colorimetric molybdovanadate method( 154) were found to be 
readily adaptable to the voltammetric method. 
Linear-sweep voltammetry from'OV to more positive potentials 
gave an initial combined cathodic-anodic peak (see Figure 5.1), 
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which corresponded to a differential-pulse voltammetric peak at 
+0.13V (see Figure 5.2).The anodic portion arises from re-oxida-
tion of material reduced earlier in the scan. Seven and a 
half times the amount of molybdovanadate reagent used in the 
colorimetric method was required in order to give reasonable 
rectilinearity for orthophosphate concentrations of up to 
4 x 10-4M• As with l2-molybdophosphate in aqueous acidic molyb-
date solution, the height of the molybdovanadophosphate diff-
erential-pulse voltammetric peak at +0.13V was found to increase 
slightly when the glassy carbon electrode was left in the 
solution on open circuit. However, for molybdovanadophosphate, 
even when a strictly controlled timing procedure was adopted 
coefficien~of variation of about 7% were typical at the 1 x 1O-4M 
level and also at the 1 x 10-5M level where a smaller amount of 
molybdovanadate reagent was used in order to reduce the size of 
the blank. 
A differential-pulse voltammetric scan from +0.6V, in the 
negative-potential direction, showed an initial peak at +0.5V, 
that did not increase in height when the glassy carbon electrode 
was left in the solution on open circuit. The height of this 
peak was very reproducible and a voltammetric procedure was 
developed based on the measurement of this peak. Linear-sweep 
and differentia l-pul se vo ltammetri c scans from +0.6 to-- QV-are 
shown in Figs 5.3 and 5.4. The linear-sweep voltammogram shows 
that the electrochemical processes are wholly cathodic. 
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FIGURE 5.1 Linear-sweep voltammogram (ca thodi c) of mo lybdovanado-
phosphate A. 2 x 10-4M molybdovanadophosphate and B. 
molybdovanadate blank. Scanned in the direction of 
positive potential 
109 
200 
A 
B 
o~-----r-----~r-----~--
+·2 +.4 +·6 
Potential, V 
FIGURE 5.2 Differential-pulse voltammogram of molybdovanado-
phosphate A. 2 x 10-4M molybdovanadophosphate. and 
B. molybdovanadate blank. Scanned in the direction 
of positive potential 
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FIGURE 5.3 Linear-sweep voltanrnogram (cathodic) of molybdo-
vanadophosphate. A, 2 x 10-4M molybdovanadophosphate, 
and S, molybdovanadate blank. Scanned in the direction 
of negative potential 
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FIGURE 5.4 Differential-pulse voltammogram of molybdovanado-
phosphate A, 2 x lO-4M molybdovanadophosphate, and 
B, molybdovanadate blank. Scanned in the direction 
of nega ti ve potenti al. 
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Expe ri men ta 1 
Voltammograms were obtained using a PAR 174 polarographic 
analyser (Princeton Applied Research) with three-electrode 
operation (glassy carbon-electrode, platinum counter electrode 
and calomel reference electrode). A Metrohm glassy carbon elec-
trode (EA 286) was used. For both linear-sweep and differential-
pulse voltammetry, a sweep rate of 5 mV s-l was used: for 
the latter technique a pulse height of 50 mV and a pulse 
frequency of 0.5 sec were applied. Between scans the glassy 
carbon electrode was cleaned with lM sodium hydroxide solution 
and occasionally, as required by repolishing with alumina and 
ethanol on a polishing cloth. With molybdovanadophosphate solu-
tions at the 10-4M level, a short polish (lOs) between scans 
gi yes improved resul ts. Vol tammograms were recorded on a Goul d 
HR 2000 X-V recorder. 
Reagents 
-3 -1-3 Standard orthophosphate solution 3 x 10 M (285 ~g ml of P04~: 
Dissolve 0.408 gm of analytical reagent grade potassium di-
hydrogen orthophosphate in water and dilute to 1 litre in a 
calibrated flask. This solution is 3 x 10-3M in orthophosphate. 
Prepare less concentrated standard solutions by dilution. 
Molybdovanadate reagent: 
Dissolve 0.50 gm of ammonium metavanadate in warm distilled 
water. Cool and add 125.0 ml of nitric acid (70% m/m). Add a 
solution of ammonium molybdate (10 gm) in water and dilute to 1 
litre in distilled water. 
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Procedure 
Transfer by pipette aliquots of standard orthophosphate 
solution, containing 25-2000 ~g of orthophosphate, into a series 
of 50 ml calibrated flasks. To each add 7.5 ml of molybdovanadate 
reagent and dilute to 50 ml with water, except for solutions 
containing less than 200 ~g of orthophosphate, when only 1.0 ml 
of molybdovanadate reagent should be added. 
Transfer each solution in turn into a voltammetric cell. 
Place the clean, dry, glassy carbon electrode in the solution. 
After 10 sec close the cell circuit with the initial potential 
at +0.8V in the differential-pulse mode. After a further 20 sec, 
when the current has stabilised, obtain a differential-pulse 
voltammogram between +0.8 and +0.2V. Clean the electrode between 
scans as indicated earlier. 
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Resul ts and Di scuss i on 
Typical differential-pulse voltammograms, obtained for the 
production of calibration graphs, are shown in Figures ,5.5 and 5.6. 
Calibration graphs for both the 0.5 - 4 x 10-4 and 0.5 - 4 x 10-5M 
ranges are rectilinear and coefficient of variation at 2 x 10-5 
and 2 x 10-4M levels were 3% when th'e strictly timed procedure 
was used and the glassy carbon electrode was cleaned between 
scans. The procedure given for the determination of orthophos-
phate as molybdovanadophosphate can be used to determine concen-
trations of orthophosphate greater than 0.5 ~g/ml. The method 
is very simple and is straightforward. 
The solution conditions of the colorimetric molybdovanadate 
method for,determining phosphate were shown to be applicable 
directly to the differential-pulse voltammetric determination 
of phosphate at a glassy carbon electrode in a static system, 
and a recommended'procedure is given for obtaining voltammograms 
in the negative-potential direction. 
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FIGURE 5.5 Differential-pulse voltanrnograms for obtaining 
calibration graph using recommended method, 
A,O; B,l; C,2; 0,3 and E,4 x lO-4M in phosphate 
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FIGURE 5.6 Differential-pulse vo1tammograms for obtaining 
calibration graph using recommended method, A 0; 
B,l; Cf ; q3 and E,4 x 10-5M in phosphate 
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CHAPTER 6 
FLOW-INJECTION ANALYSIS WITH 
ELECTROCHEMICAL DETECTION 
Introducti on 
The automation of analytical processes is an important 
development in analytical chemistry because of the ever-increa-
sing demand for analyses in clinical, agricultural, pharmaceutical 
and many other industrial laboratories. The main advantage of 
automated chemical analysis compared with conventional analysis 
includes improved output of results with minimum expense of 
labour, elimination of personal bias and increased precision. 
The·introduction of air-segmented streams by skeggs(155) 
in 1957 made continuous flow analysis practicable. In this tech-
nique, samples and reagents, segmented by air bubbles, are aspira-
ted by means of a mUlti-tube proportionating pump which delivers the 
predetermined volume ratios required for specific analysis. 
The samples continuously follow one another through the flow 
system and are combined at various locations with reagents under 
controlled conditions to carry out chemical reactions or produce 
phsyical changes in the sample. As the sample streams are directed 
from module to module, they can be heated, dialysed, filtered, 
extracted, distilled, digested, or treated in any of a number of 
other ways prior to the result being detected. Air segmentation 
is used to cause wall friction with resulting turbulent, rather 
than laminar flow even at low pumping velocities, to prevent carry-
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over of samples and to assist in the mixing of sample and reagent 
until a 'steady-state' is reached. In this system, there are 
several drawbacks associated with air segmentation, namely: 
1. because of the compressibility of air, the stream tends to 
pulsate rather than flow regularly, 
2. streams have to be debubbled before they enter the flow 
cell, 
3. the size of the air bubbles has to be controlled for faster 
sampling rates, 
4. the pressure drop and flow velocities vary in the presence of 
air for different tubing materials, 
~ 5. typical analysis output is about 40 samples per hour. Higher 
sampling rates lead to significant carry-over, and unless 
some sort of correction factor can be worked out, the preci-
sion and accuracy of the determination deteriorate , and 
6. reagent consumption is at least five-fold higher than for 
discrete analysis. 
With these disadvantages in mind, Ruzicka and Hanse~(156} 
and Stewart et a1(157, l58} have performed independently similar 
experiments of injecting the sample directly into the carrier 
stream (reagent), and_have-proved that analysis without air seg-
mentation is not only possible but also advantageous. ~y have 
. termed it flow injection analysis (FIA). 
Flow injection analysis (FIA), is a new type of continuous 
flow analysis. The sample solution is introduced directly into an 
unsegmented carrier stream of a reagent solution, forming a well-
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defined sample zone. During the transport of the zone to the 
detector, the sample disperses in the carrier stream and can 
react to fonn a species that is quantitatively measured in a 
flow-through detector. According to the comprehensive reviews 
recently by Ruzi cka and Hansen Q59) and Betteri dge (160), thi s 
technique has many advantages over the well-known air-segmented 
continuous flow method and can be applied easily to the rapid 
analysis of various samples from agricultural, clinical and 
environmental sources. 
In this technique (FIA), there is no air segmentation, the 
sample (usually a few ~l) is introduced as a plug via a valve or 
syringe, mixing is mainly by diffusion-controlled process, and 
the response curves do not reach the steady state plateau, but 
have the form of very sharp peaks. The absence of air segmentation 
leads to a higher sample throughput, while the sample consumption 
is reduc·ed. The reproducibility is good and there is no sample 
carry-over. There is no need to remove air bubbles, and an expen-
sive high-quality pump is not necessary. The requisite apparatus 
can be easily assembled from existing standard laboratory equipment, 
easily manufactured or purchased as a complete unit. 
Principles of Flow-Injection Analysis 
The flow injection technique is based on three main principles(159); 
1. sample injection, 
2. reproducible timing, and 
3. controlled dispersion. 
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1. Sample injection: 
The purpose of the sample injection is to place a well-
defined sample zone into a continuously moving stream (Figure 6.1) 
in such a way that the movement of this stream is not disturbed. 
The amount of sample, although it need not be accurately known, 
has to be injected with·a high precision so that the volume and 
length of the sample zone at the point of injection is reproducible. 
The reproducibility of peak heights is largely dependent on the 
injection technique, which requires a certain amount of practice 
to achieve the required dexterity. Because the Metrohm system 
(used in this study) only requires a constant supply of pressure 
from an inert gas cylinder, the carrier stream (degassed if 
necessary) flows entirely undisturbed while the injection valve 
is filled. This way of injecting the sample into a continuously 
flowing stream is more reproducible than the aspiration technique 
used in the air-segmented system, and therefore the injection tech-
nique·allows the conventional concept of the 'steady-state signal' 
to be abandoned and the sampling frequency to be substantially 
increased, while the sample consumption is reduced. 
2. Reprodu ci b 1 e timi ng: 
As the signal is no longer to be read on the flat part of the 
response curve, but on its steep ascending part, highly reproducible 
timing is essential, because any imprecision in residence time of 
the sample on its way to the detector will be reflected in the 
readout. As no pulsation could possibly occur in an unsegmented 
Direction of Clow 
• b c 
~ Direction of Scan 
FIGURE 6.1: Diagrammatic representation of effects of convection and radial diffusion on 
concentration profiles of samples monitored at a suitable distance downstream 
from injection. 
(a) No dispersion. (b) Dispersion predominantly by convection. (c) Dispersion 
by convection and diffusion. (d) Dispersion predominantly by diffusion. 
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stream using the pulse-free air pressure of the Metrohm system, 
the sample path through the system is smooth and well-defined, 
and the dispersion of the sample zone and the residence time 
can be chosen at will to suit exactly the requirements of the 
chemistry involved. Not only long but extremely short residence 
times can be maintained reproducibly. 
3. Controlled dispersion: 
The controlled dispersion of the sample zone which occurs 
during its passage through the system towards the detector 
results in a response curve which has a peak shape characteristic 
of the flow-injection system. The physical dispersion is brought 
about partly by longitudinal flow which gives rise to a parabolic 
head and tail and partly by radial diffusion (Figure 6.1). (It is 
analogous to chromatography without partitioning and without a 
stationary phase to disturb the flow pattern). The dispersed sample zone 
broadens as it moves downstream and changes from its original 
asymmetrical shape to a more symmetrical and eventually Guassian 
form. By changing the flow parameters, the dispersion can be 
easily manipulated to suit the requirements of a particular analy-
tical procedure so that optimum response is obtained at minimum 
time and reagent expense. 
Taylor's( 161) equation (equation 6.1) showed that radial 
diffusion is the major mechanism for dispersion in narrow tubes 
(0.5 ± 0.2 mm i.d), i.e. 
123 
[ 1 (6.1 ) 
where C is the concentration at distance X, M is the mass of 
material injected at point L = 0 at time t = 0, r is the radius 
of the tube and the dispersion ~umber is expressed as Dt'L2. 
Taylor showed that radial dispersion only holds when residence 
time T > r2/3.82 Dc where Dc is the molecular diffusion coefficient. 
Theoretical Aspects of Flow Injection Analysis 
The theoretical aspects of flow-injection analysis have been 
given in detail by Ruzicka and Hansen(159). -A summary is given 
below: 
1. Flow rate - a decrease of flow rate in narrow tubes will lead 
to a decrease in the dispersion. This is therefore the suitable 
means of increasing the residence time of the sample in the 
system as it simultaneously results in reduced reagent con~ 
sumption. 
2. Flow geometry - symmetrical gradient profiles will be obtained 
in a long narrow tube which accommodates a large number of 
identical mixing stages. 
3. Dispersion coefficient - manifolds for continuous flow 
analysis, in addition to information on tube length, diameter 
and flow rates in individual channels, should be supplemented 
by the value of residence time, T and radial dispersion coeffi-
cient, Dt . 
l~ 
4. The degree of dispersion of the sample zone can be 
controlled by varying parameters such as the sample 
volume, tube length and flow rate. In order to obtain 
limited dispersion (asymmetrical sharp peak) the following 
points must be considered: 
i) Limited dispersion is obtained by injecting a sample 
volume corresponding to a minimum of one Si (~1) 
into a carrier stream, pumped at the minimum practical 
flow rate, and by having the shortest possible line 
length of i.d. (0.5 ~ 0.2 mm) between the injection port 
and the detector where Si is the sample volume required 
to reach 50% of the steady-state value. 
ii) The dispersion of the sample zone during its travel 
through a narrow tube increases with flow rate but 
only with the square root of the travelled distance 
or of the residence time. 
iii) The dispersion caused by the flow should always be 
kept as low as possible by using the shortest possible 
lines of small and uniform diameter. Dilution of too 
concentrated sample material is best achieved by reducing 
the volume of the injected sample solution. 
Typical values for limited dispersion are S~ = 28 ~1 for 
flow rate 0.5 ml min-l , tube length = 22 cm and radius = 0.2 mm. 
Medium dispersion refers to diffusion-controlled conditions, 
resulting in Gaussian peaks, whereas large dispersion refers to 
several important mixing chamber methods, notably the work of Pungor 
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et al(37,162-165). 
Host methods of flow-injection analysis that have been 
designed so far are based on peak height measurement(166) mainly 
because the inflection point on the flow-injection analysis response 
curve is so easily localised. It is, however, well recognised that 
flow-injection analysis is a dynamic method of analysis yielding 
the analytical readout while two kinetic processes - the physical 
mixing of sample and reagent, and the simultaneous chemical reac-
tion ~ are still in progress. 
Thus flow-injection analysis, in contrast to any other tech-
nique of continuous flow analysis is based on a combination of(l66) 
Sample injection 
Controlled dispersion 
Exact timi ng 
which permits obtaining a highly reproducible readout even when 
The mixing is incomplete 
The chemistry does not reach equilibrium 
The signal is transient. 
Several papers describing the use of flow injection analysis 
for the determination of various chemical species bY different 
detection procedures have already been published067 -186). 
Several types of detectors have been used in automated 
analYSis(187). These include colorimeters, electrochemical detec-
tors, atomic absorption photometers, refractometers, flame emission 
spectrophotometers and spectro-fluorimeters. Emphasis will be placed 
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on electrochemical detectors mainly the wall-jet glassy carbon 
electrode detector cell (36,188) as it is the area of interest in 
the present study. 
Amperometric detectors have rarely been used for f10w-
injection analysis but the use of cou10metric detectors has been 
reported recent1y(189). A recent review by Betteridge contains a 
comprehensive tabulation of detectors for flow injection analysis, 
and lists only one voltammetr·ic approach which involves anodic 
stripping060). However, the possibility of using e1ectrochemica1 
HPLC detectors and the work of Pungor and co_workers(37,162-165) 
on vo1tammetric detectors for continuous flow analysis are 
mentioned. Ruzicka and Hansen059) cite unpublished work by 
Ramsing in which a carbon-paste thin layer e1e~trode was used to 
determine ascorbic acid in the 0.4 to 10 mM concentration range. 
A sample throughput of 180 samples per hour was reported. Fleet 
etla1(190-192) have developed porous silver electrodes for 
amperometric detection in automated analysis. Kissinger(193) 
lists several e1ectrochemica1 liquid chromatography detectors 
that could be adapted for flow-injection analysis. The applications 
of e1ectroana1ytica1 detectors in HPLC have been compiled recent1y(B4). 
Ion-selective and vo1tammetric electrodes are the main e1ectro-
analytical detectors used for carrying out analyses in flowing 
solutions; conductometric detection is mainly used for process 
stream analysis. The theoretical and practical aspects of injec-
tion techniques used in flow-through systems with ion-selective 
electrodes and vo1tammetric detectors were discussed by Pungor et 
a1 (38). Several publications have appeared on the use of ion-
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Selective electrode detection with the injection technique(173,175,176,195). 
Vo1tammetry is reported to have a wide application and some 
specificity. Very low detection limits are feasible ('" 10-9M). 
Detection in flowing streams have a number of advantages compared 
with static electrode systems, namely: 
i) the current is increased because of increased mass transport 
to the electrode, the diffusion layer being thinner in 
flowing streams. DC voltammetry has a detection limit 
'" 10-~ for single ion analysis and for hydrodynamic anodic 
-9 
stripping vo1tammetry around 10 M 
ii) The background current is decreased because at constant 
potential no current is needed to charge the double layer 
and the oxidation states of the functional groups in the 
carbon electrode surface are in equilibrium. 
iii) Hydrodynamic voltammetry (HDV) is time independent, which 
permits steady state measurements. The need for high speed 
electronics is diminished. 
iv) The residual charging current is independent of. flow rate. 
Consequently, the signal-to-noise ratio is increased by 
increasing the flow rate of the ana1yte, as long as mass 
transfer rates do not exceed charge transfer rates. This is 
rarely met in practice. This advantage is gained, however, 
only H a high purity electrolyte is used. 
Voltammetric detection can be made more selective by an 
appropriate choice of the potential of the working electrode or by 
using differential pulse mode of detection. In practice, the current 
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is measured at a potential within the range of the convective 
limiting diffusion current. 
The design criteria play an important role for the electro-
chemical detector in flow through cells and some of the essential 
requisites, were mentioned earlier (see Chapter 1). 
Applications of Electrochemical Detection in Flow Systems 
Electrochemical detection has been used extensively in the 
determination of electroactive species in biological fluids, 
industrial effluents, and in pollution monitoring. Some of the 
applications appearing in the literature will be presented in this 
section. 
The application of electroanalytica1 detectors in liquid 
chromatography is restricted; only components reduced or oxidised 
within the .availab1e potential range of the measuring system can 
be determined. At the same time, electroana1ytical detection sets 
limitations on the separation technique and the composition of 
the mobile phase. The electrochemical detection approach in liquid 
chromatography shows a great potential for the selective measure-
ment of trace organometal1ics in environmental samples. MacCrehan 
and Durst ( 196) des cri be reductive e 1 ectrochemi ca 1 measurements for 
organomercury.cations employing e1ectrochemical detection. 
The performance of a flow-cell with interchangeable working 
electrodes made from glassy carbon, carbon paste and mercury is 
compared with commercially available cells, using both constant-
potential and pulse measuring techniques(197). The analysis of 
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nitrazepam and chlordiazepoxide was used as a model system; the 
detectors were used in the reduction mode and the mobile phase 
was methanol-water (60:40) containing O.OSH ammonium acetate. 
The detection limit was found to depend strongly on reduction 
potential: at -0.93V vs Ag/Agcl, 3 ng of nitrazepam could be 
detected, whereas at -1.30V the detection limit was 30 ng, owing 
to the high background current at this potential. 
Chan and Fogg(198) used a Metrohm EA 1069/2 electrochemical 
detector cell together with the flow injection stand to determine 
the phenolic analgesic meptazinol. The system used a carrier stream 
of 0.05M sodium acetate - 0.01 acetic acid in 98% ethanol. Cali-
bration graphs were rectilinear over the range 0.01-10 ~g ml-l . 
In order to improve the reliability of the technique it was 
necessary to modify some of the manufacturer's instructions, namely, 
the reference electrode was placed after the detector electrode in 
the flowing stream. Further a pre-saturation of internal reference 
electrode with silver chloride prevented large drifts in potential. 
The application of flow-injection analysis using carbon paste 
and glassy carbon electrodes to the determination of the permitted 
food colours was investigated recently by Fogg and Bhanot( 199). 
The system used a carrier stream of O.OlM sulphuric acid presented 
to the detector cell by means of the Metrohm pressure-bottle 
(EA n01) at a flow rate of about 1 ml min -1. Good precision recti-
linear calibration graphs and low limits of detection in this study 
were obtained. 
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CHAPTER 7 
FLOW-INJECTION VOLTAMMETRIC DETERMINATION OF PHOSPHATE, 
SILICATE, ARSENATE AND GERMANATE AS PRE-FORMED HETEROPOLYACIDS 
Introduction 
The present chapter describes a simple flow-injection-
voltammetric procedure for the determination of phosphate, sili-
cate, arsenate and germanate by the injection of heteropolyacids 
pre-formed in various eluents at a glassy carbon electrode. This 
investigation involves an adaptation of the static voltammetric 
methods (presented in previous chapters) to hydrodynamic voltam-
metry by using the flow injection technique of Ruzicka and co-
workers(156, 167) • 
An assessment was made of the various blank solutions used in 
the static systems as eluents for the flow-injection determination 
of the pre-formed heteropo1yacids 
arsenate and germanate. Fujinaga 
of orthophosphate, silicate, 
(189) et a1 have reported recently 
the use of an aqueous ethano1ic molybdate eluent for the voltamme-
tric flow-injection analysis of orthophosphate. From details 9iven 
in thei~r paper it is clear that the blank becomes a problem when 
solutions containing orthophosphate at about 2.5 ppm level are 
injected. The aqueous ethanolic eluents used by them have also 
been assessed in this study. 
In these procedures the background signal of the blank is 
effectively eliminated and precise determinations can be made. 
Silicate and phosphate can be determined at 10-7 and 10-6M levels, 
respectively. Arsenate has only been determined at 10-5M level, 
and the precise determination of germanate is difficult owing to 
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adsorption at the glassy carbon electrode. 
At the present time in our laboratory, the Metrohm voltamme-
tric flow cell provides the facilities for the flow injection 
technique. The Metrohm flow injection stand(200) consists of a 
glassy carbon e1ectrochemica1 detector cell, an injection block 
(replaced later by a Rheodyne sample injection valve 5020) and 
an electrolyte bottle. Figure 7.1 shows the experimental set-up 
for the flow-injection technique used in this study. The Metrohm 
vo1tammetric flow cell made of Ke1-F (po1ych1orotetraf1uoroethy-
lene, PCTFE) works on the wa11-jet(36,201) principle, i.e. the 
flow of liquid or stream of eluent containing the substance under 
i nvesti!'la tion impi nges di rect1y onto the surface of the gl assy 
carbon electrode, which has a nominal surface area of about 
0.20 cm2• In accordance with the three-electrode principle, the 
cell body also carries a Ag/AgC1 reference electrode which should 
be placed after the detector electrode in the flowing stream and 
a platinum counter electrode which is placed directly opposite 
the reference electrode. This set-up is in contrast with those 
recommended by the manufacturers (see Figure 7.2). This set-up 
was modified in the present work. and will be discussed later. 
The theoretical background of the wall-jet detector cell has been 
described in detail in Chapter 1. 
Experimental 
Flow-injection analysis was applied in a similar manner to 
that used in a study of food colouring matters(199). A Metrohm 
detector cell (EA 1096) was used with a Metrohm glassy carbon 
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TefIon tube 
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Pressure bottle Injection valve 
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FIGURE 7.1: Experimental Set-up Used for Flow-Injection Analysis 
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electrode (EA 286) but it was found less problematic for long 
term working not to insert the counter and reference electrodes 
but to partially immerse the cell in the electrolyte (O.OlM 
sulphuric acid), contained in a beaker. Contact between the 
e1 ectro1yte , the counter and reference electrodes used 
for this static work was made by means of salt bridges. Flow of 
-1 "-
eluent (approximately 2.5 m1 min ) was produced by means of the 
Metrohm pressure bottle system (EA 1101) working at 0.8 bar. 
E1uents were degassed by means of a vacuum pump. The use of 
an ultrasonic bath in conjunction with this would be advantageous. 
Injections were made by means of a Rheodyne sample injection valve 
(5020) with a loop capacity of 0.1 ml. Unless otherwise indicated, 
the glassy carbon electrode was cleaned with 1M sodium hydroxide 
solution daily or when changing e1uents. A good method of 
assessing the condition of the glassy carbon electrode is to make 
a differential-pulse vo1 tammetric scan of a mo1ybdophosphate sol u-
tion in a static system. The electrode should be polished until 
well formed vo1tammetric peaks are obtained in this static system. 
The potential of the detector cell was controlled by means of the 
PAR 174 polarographic analyser; current peaks were recorded on a 
Tarkan 600 Y-T recorder operating at a chart speed of 0.5 cm min-1• 
Standard Determined Solutions 
-3 -1-3 Standard6rthophosphate solution 3 x 10 M (285 Ilgm1 of P04 1 
Dissolve 0.408 gm of analytical-reagent grade potassium 
dihydrogen orthophosphate in water and dilute to 1i in a calibra-
ted flask. This solution is 3 x 1O-3U in orthophosphate. Prepare 
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less concentrated standard solution by dilution. 
Standard silica solution. approximate 0.05 mg ml-l 
Weighacaurately about 0.05 gm of· quartz into a platinum 
" (or nickel) crucible and fuse it with about 2.0 gm of sodium 
carbonate. Cool the melt. dissolve in water. dilute to lR. in a 
ca1ibrated,flask and store in a polyethylene bottle. 
Standard arsenic (V) solution. approximately 0.24 mg ml-l 
Weigh accurately about 2.0 gm of disodium hydrogen arsenate 
heptahy~rate. dissolve it in water and dilute to l~ in a calibra-
ted flask. 
Standard germanium solution. approximately 0.22 mg ml-l 
Dissolve about 0.16 gm. accurately weighed. of germanium (IV) 
oxide in dilute ammonia solution (silica free). neutralise with' 
dilute sulphuric acid and dilute to 500 ml in a calibrated flask. 
Reagents: 
Acid molybdate solution 2% m/v 
Add 35 ml of analytical-reagent grade concentrated sulphuric 
acid to 200 ml of water. Dissolve 5 gm of ammonium molybdate in 
the resulting solution and dilute when cold to 250 ml with water. 
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Ammonium molybdate solution, 8% m/v 
Prepare and store this in a po1yethy1ene bottle. 
Ammonium molybdate - sulphuric acid solution 
Dissolve 40 gm of ammonium paramolybdate heptahydrate in 
500 ml of water in a polyethylene beaker and add 500 ml of lM 
sulphuric acid solution. Mix and store in a polyethylene bottle. 
Sodium molybdate-tartaric acid-hydrochloric acid solution 
Dissolve 16 gm of sodium molybdate dihydrate and 12 gm of 
tartat.ic acid in water, add 45 ml of concentrated hydrochloric 
acid and dilute to 500 ml. A brown colour develops in the reagent 
solution after a few days and it should be discarded after 3 days. 
Sodium molybdate-sulphuric acid solution 
Carefully add 80 ml of concentrated sulphuric acid to about 
100 ml of distilled water. Cool, then dissolve 25.75 gm of sodium 
molybdate in the mixture and dilute to 250 ml with distilled water. 
Procedures for Formation of Heteropolyacids and Preparation of 
Eluents 
The eluents are prepared exactly as described in the proce-
dures given for the formation of heteropolyacids except that 
phosphate or other determinands are omitted and ten times the 
volume is usually prepared. 
Procedure for Phosphate (Aqueous Method) (Eluent A) 
Transfer by pipette aliquots of standard orthophosphate solu-
tion containing 5-1500 ~g of orthophosphate into a series of 50 ml 
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calibrated flasks. To each add 5 ml of acidic molybdate solution 
and dilute to about 20 ml with water. After allowing to stand for 
15 min, dilute to 50 ml with water. 
Procedure for Phosphate (Molybdovanadate method) (Eluent B) 
Transfer by pipette aliquots of standard orthophosphate solu-
tion, containing 25 - 2000 pg of orthophosphate into a series of 
50 ml calibrated flasks. To each add 7.5 ml of molybdovanadate 
reagent and dilute to 50 ml with water, except for solutions 
containing less than 200 pg of orthophosphate, when only 1.0 ml 
of molybdovanadate reagent should be added. 
Procedure for Phosphate (Aqueous Acetone method) (El uent C) 
Place 26 ml of acetone and 10 ml of sodium molybdate-
tartaric acid-hydrochloric acid solution in a 50 ml calibrated 
flask, add the sample solution containing 0.05-1.5 mg of P043, 
immediately dilute to volume and mix. 
Procedure for Silicate (Aqueous Acetone method) (Eluent D) 
Place 10 ml of the ammonium molybdate-sulphuric acid solution 
and 5 ml of acetone in a 50 ml calibrated flask. Add the sample 
solution containing 0.3 pg-l.2 mg of silica. Rinse down the 
inside of the neck of the flask, mix the solution and allow it 
to stand for 15 min. Add 10 ml of 10% m/v mannitol solution, dilute 
to volume and mix. Leave for 15 min. 
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Procedure for Arsenic (Aqueous Acetone method) (Eluent E) 
Pipette an aliquot of sample solution containing 0.04-1.5 mg 
of arsenic (V) into a 50 ml calibrated flask, add 7 ml of 4M 
sulphuric acid, 7 ml of 8% ammonium molybdate solution and add 
16 ml of acetone, dilute to volume wHh water and mix. Leave for 
30 min. 
Procedure for Germanium (Aqueous Acetone method) (Eluent F) 
In a 50 ml calibrated flask place 6 ml of ammonium molybdate: 
solution, 10 ml of acetone and 3 m1 of lM sulphuric acid. Add an 
a1iquot of sample solution containing 0.4-1.5 mg of germanium, 
dilute to volume with water, mix and allow to stand for 5 min. 
Procedure for Phosphate (Aqueous Ethanol method) (Eluent G) 
Mix 5.0 ml of sodium molybdate-sulphuric acid solution and 
10 ml of ethanol in a 50 ml calibrated flask. Add by pipette an 
aliquot of phosphate solution containing 5-1500 ~g of phosphate, 
mix and dilute to 50 ml with water. 
Assessment of Eluents 
Pre-formed heteropolyaci d sol uti ons prepared as described 
above were injected into the de-gassed eluent, which had the same 
composition as the blank •. Linear sweep vol tammograms obtained in 
a static system give an indication of suitable potentials to apply 
to the detector cell. Voltammograms obtained by scanni ng in the 
direction of positive potential are generally a combination of 
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cathodic and anodic waves, and for this reason voltammograms 
obtained by scanning in the direction of negative potential, 
starting at a sufficiently positive potential, are a more reliable 
guide. Two main methods of choosing suitable potentia1s were 
adopted here using static and flowing systems and these gave 
essentially the same results. With the static system, the currents 
obtained when a clean, glassy carbon electrode was placed in the 
appropriate heteropo1yacid solution and the cell closed at various 
potentia1s were determined. The electrode was cleaned between 
measurements and the currents obtained were plotted against poten-
tial. With the flowing systems, a fixed volume of heteropo1yacid 
solution was injected and the current noted. Generally, three 
successive injections were made at each potential in order to 
check that the signal was constant and that no loss of signal was 
occurring due to contamination of the electrode surface. For 
germanomolybdate solutions at positive potentia1s of less than 
+o.12V, loss of signal was observed. In this instance the detec-
tor cell was dismantled and the electrode cleaned after the third 
injection before studying the current Signals at other potentials. 
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Resul ts 
Graphs of current obtained at the detector cell for the 
injection of 4 x 10-4M solutions of the heteropolyacids into the 
various eluents are shown in Figure 7.3. These graphs can be used 
to select suitable potentials to apply to the glassy carbon elec-
trode when making determinations in a particular eluent. Eluent B 
(molybdovanadate) and eluent G (aqueous ethanol for phosphate) 
give distinct plateaux in the potential ranges 0.2S-0.37V and 
0.19-0.2SV, respectively. Highly precise results have been 
obtained with all systems at a wide range of potentials, although 
adsorption remained a problem with the germanomolybdate system. 
Figure 7.4 shows the adsorption problems associated with germano-
molybdate system, also it shows the poor reproducibility obtained. 
The graphs shown in Figure 7.5 indicate the relative sensitivities 
obtained with the various eluents at various potentials. 
The rectilinearity of calibration graphs at various concen-
trations is indicated in Table I. The aqueous acetone eluent for 
silicate is particularly sensitive~ and useful signals were obtai-
ned at the 10-7Mlevel, see Figure 7.6. The effect of overloading 
at the 10-4M level of silica, and the otherwise good rectilinearity 
with good base lines, can be seen clearly in this example. The 
aqueous acetone eluent for arsenate determination at the 10-SM 
level was shown in Figure 7.7, good base line and good rectilinearity 
at this level can be seen clearly in the figure. For phosphate deter-
minations the molybdovanadate, aqueous and aqueous ethanolic eluents 
gave useful signals at the 1O-6M level. Signals obtained with the 
molybdovanadate, aqueous ethanolic and aqueous eluents are shown 
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FIGURE 7.3: Currents obtained at various potentials for flow 
injection of 100 p~ of-Pre~formed heteropo1yacids 
(2 x 1O-4M) into e1uentsconsisting of the reagent 
blank. Plots are lettered according to the eluent 
as in the text and Table I, viz A, aqueous phosphate 
B, molybdovanate, and G aqueous ethanol. 
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FIGURE 7.4: Flow-injection signals for determination of 
germanate A, 1 and B 2 x lO-4M. Glassy carbon 
electrode held at +O.lSV. 
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flow injection of 10 )JR. of reagent blank 
(i.e. the usual eluents) into an eluent 
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flow injection of 10 ~t of reagent blan~ 
(i .e. the. usual eluents) into an eluent 
consisting of 0.005M sulphuric acid. 
Plots are lettered according to the eluent 
as in Figure 7.3. 
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FIGURE 7.6: Flow injection signals for determination of silicate at various 
concentrations: (a) A. 4 and B. 2 x lO-7M; (b) A. 4 and B. 2 x lO-GM; 
(c) A. 4 and B. 2 x lO-sM; and (d) A. 4 and B. 2 x lO-4M. 
Glassy carbon electrode held at +O.lBV. 
TABLE I Characteristics of Calibration Graphs in Various Concentration Ranges 
Concentration of Preformed Determinand 
Eluent 
O.S - 4 x 1O-4~1 O.S .. 4 x lO-SM -6 O.S - 4 x 10 M O.S - 4 x 10-7M 
A Aqueous phosphate Non-rectilinear Rectil inear Rectil i near * 
B Vanadomo1ybdate Slightly Recti linear Rectilinear * non-recti1 inear 
C Aqueous acetone Slightly Recti 1 i nea r * * for phosphate non-rectilinear 
o Aqueous acetone Non-recti li near Recti 1 i nea r Rectil inear Rectilinear for silicate 
E Aqueous acetone Slightly Recti1 inear * * for arsenate non-recti 1 inear 
F Aqueous acetone Non-recti1inear+ Recti1 inear * * for germanate 
G Aqueous ethanol Rectilinear Rectilinear Rectilinear * for phosphate 
* Baseline deteriorates 
+ Signal loss owing to adsorption 
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FIGURE 7.7: Flow injection signals for determination of 
arsenate A, 1; B,2; e, 3 and D, 4 x lO-sM. 
Glassy carbon electrode held at +O.24V. 
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in Figures 7.8, 7.9 and 7.10. 
Linear-sweep vo1tammograms run previously on the blank 
solutions in static systems indicate that the background currents 
associated with the e1uents are not insignificant, despite their 
belilng effecti ve1y compensated for in· the present procedures. 
In Figure 7.5, the signals obtained on injecting the blank reagents 
(the normal e1uents) into 0.005M sulphuric acid eluent are shown. 
The molybdovanadate, aqueous acetone for arsenate and aqueous 
acetone for phosphate eluents give significant background currents 
over the potenti al ranges used for measurement. Where zero current 
is indicated in Figure 7.5 for the other eluents, the base line 
did not necessarily remain undisturbed on making an injection but 
often consisted of a small combined negative and positive signal 
resembling a first derivative trace. Therefore, at the present 
stage of this study it is recommended that for all systems used 
here injection is made into the blank reagent and not into 0.005M 
sul phuri c aci d. 
After approximately 6 months of work with the original glassy 
carbon electrode it was found that the blank differential-pulse 
voltammogram for molybdovanadate had a steeper slope than that 
normally obtained. This deterioration of the surface of the elec-
trode was not as apparent when the electrode was used in the flow 
system, but it may be advisable to change the electrode when this 
occurs. It may be possible to regenerate the electrode by poli-
shing with a fine diamond paste. 
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FIGURE 7.8: Flow injection signals for determination of phosphate 
at various concentrations using molybdovanadate as the 
eluent: (a) A, 4 and B, 2 x lO-GM; (b), A, 4 and B, 2 x 10-sM; 
and (c) A, 4 and B, 2 x 10-4M. Glassy carbon electrode held 
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FIGURE 7.9: Flow injection signals for determination of phosphate 
using aqueous ethanol ic at various concentrations: 
(a)A,l; B,2; C,3andD,4xlO- 5M 
(b) A, 1; B, 2; C, 3 and D, 4 x lO-"M 
Glassy carbon electrode held at +O.22V 
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FIGURE 7.10: Flow injection signals for determination of 
phosphate using aqueous and molybdate. 
Equivalent phosphate concentration A, 1; 
B, 2; C, 3 and D, 4 x 10-sM. Glassy carbon 
electrode held at +0.22V. 
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Discussion 
Detenninations were made at a glassy carbon electrode under 
flow conditions by injecting pre-fonned heteropo1yacids solutions 
of phosphate, silicate, arsenate and germanate into the reagent 
blank serving as eluent. 
The mo1ybdovanadate, aqueous and aqueous ethanol methods 
proved to be equally sensitive for detennination of phosphate on 
adaptation to flow injection procedures and the resu1 ts obtained 
were extremely reproducible and precise despite the high back-
ground currents associated particularly with the mo1ybdovanadate 
reagent. The methods are reliable at the 1O-6M level and coeffi-
cients of variation are typically less than 1% at the 10-5M level. 
The aqueous acetone reagent is particularly sensitive for silicate, 
satisfactory measurements beingmade at the 10-7111eve1. 
These studies have been restricted mainly to the injection 
of pre-fonned heteropo1yacids into the reagent blanks. Fujinaga 
et al(189) injected phosphate solutions directly into aqueous 
ethanolic reagent, in which rapid fonnation of molybdophosphate 
occurs, and were able to determine 1 x 1O-5M phosphate. Injection 
of pre-fonned heteropo1yacid solutions, although not as convenient, 
are more reliable and gives sharper peaks and lower detection limits. 
A bri,ef study has been made for the injection of phosphate solutions 
directly into molybdovanadate eluent. After passing through 50 cm 
tubing (1.58 mm i.d) after injection, peaks similar to those obtai-
ned by Fujinagaet a1(189) were obtained. Injection of water, how-
ever, gave a negative signal owi ng to the background current of the 
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eluent. This negative signal is apparent in the signal traces 
used as illustrations by Fujinaga et a1(189). 
More detailed studies are being made of the direct injection 
of phosphate, silicate, arsenate and germanate solutions into 
reagent streams and of phosphate reagent into a phosphate stream. 
This latter study is of interest for on-line determination of 
phosphate, in hydroponic fluid, for example. The choice of eluent 
composition and potential applied to the detector will be impor-
tant in reducing the background current levels whilst maintaining 
good sens i ti vi ty. 
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Appl ication 
Voltammetric Determination of Phosphate in Blood 
Orthophosphate has been determined as 12-molybdophosphate in 
aqueous acidic molybdate solution by linear-sweep and differential 
pulse voltammetry at a glassy carbon. electrode in static system. 
The procedure recommended is essentially an anodic-stripping 
procedure as a positive-going potential scan is used to re-oxidise 
molybdophosphate reduced at the electrode surface earlier in the 
scan. These techniques were also applied to the determination of 
phosphate, silicate, arsenate and germanate in the solution 
conditions in which the a-heteropolyacids are stabilised by the 
addition of acetone or ethanol, and to the determination of 
phosphate as phosphovanadomolybdate. All of these methods 
have been adapted to the flow-injection voltammetric determina-
tion of the determinands by injection of the pre-formed hetero-
polyacids into eluents with the composition of the reagent blanks. 
By this means 0.01 and 0.1 vg ml-l of silica and phosphate respec-
tively, were determined. 
The application of these static voltammetric methods to the 
determination of phosphate in blood serum has been undertaken as 
an MSc project by M A Abdalla in this laboratory with the colla-
boration of the present author. Later on this procedure was adop-
ted for use with flow-injection voltammetry. Wellcomtrol Quality 
Control Sera (BCOl and BC02) were used in this study. Satisfactory 
results were obtained with the simple aqueous system osing both 
the static differential pulse voltammetry and the flow-injection 
procedures. 
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Experimental: 
Details of the static and flow-injection voltammetric proce-
dures for determining phosphate in aqueous samples have been given 
previous1y(Chapters 3. 4. 5 and 6). We11comtro1 Quality Control 
Sera (BC01 and BC02) were used here to test the procedures on 
plasma samples: solutions were prepared from the dry sera accor-
ding to the manufacturer's instructions. To determine the 
inorganic phosphate in serum sample. 2~0 ml of serum were added 
to a small beaker containing 7~8 ml of lS% trichloroacetic acid. 
This was mixed carefully and filtered into a SO m1 calibrated 
flask. The precipitate was washed with water and the washings were 
added to the solution in the flask. (Incorrect high values for the 
inorganic phosphate content were invariably obtained if this fil-
trate was not perfectly clear). The appropriate reagents were 
added to the contents of the flask and the phosphate was deter-
mined voltammetrical1y in accordance with the static or FIV proce-
dures given previously. Calibration graphs were prepared in the 
-S -S . 
range O.S x 10 - 4 x 10 M of phosphate. 
Results and Discussion 
Initial tests were made of the static aqueous and aqueous 
acetone methods on a bovine albumin solution (7 gm in 100 ml) 
spiked with phosphate (3.2 mg in 100 ml): the solution was cleared 
with trichloroacetic acid. The values obtained using the two methods 
were 3.11 and 3.1S mg per 100 ml. respectively. with coefficients 
of variation (4 determinations) of 1.7 and 0.3%. A carbon paste 
electrode also gave excellent results ~lith the aqueous system but was 
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unsuitable for use with the aqueous acetone system~202) 
The results obtained using various procedures for the determi-
nation of phosphate with the Wellcomtrol samples are given in 
Table I. Very high inaccurate results, frequently over twice the 
certificated value, were obtained usjng the aqueous acetone and 
aqueous ethanol systems. It appears that in these acidic, par-
tially non-aqueous systems containing molybdate,organic phos-
phates in the'cleared sera are hydrolysed to orthophosphates. 
The vanadomolybdate system gave slightly better values but the 
differential-pulse voltammetric results on sample BC02 were 
very high, and this system is probably also better avoided. 
Satisfactory results were obtained wi th the simple aqueous system 
using both the static differential pulse voltammetric and the 
flow-i njecti on procedures. The fl ow-i njection procedure, in 
particular, is particularly suited to this determination. 
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TABLE I: Determination of Inorganic Phosphate in Wellcomtrol 
Sera Samples Using Various Static (Differential 
Pulse) and Flow-Injection Voltammetric Methods 
Certificated Aqueous System Aqueous Sample Inorganic Acetone System Nos. Phosphate F1 ow-Injection Target value Static Method Method Static Method (mg per 100 ml) 
8COl 4.7 4.75 (1.6%) 4.75 (0.2%) 7.30 (0.3%) 
BC02 3.22 3.21 (1.3%) 3.16 (0.2%) 7.90 (0.3%) 
Vanadomolybdate System Aqueous Ethanol System 
Static Method Flow-Injection Fl ow~Injection Method Method 
BCOl 4.7 4.91 (1.2%) 4.80 (0.2%) 11.1 (2.9%) 
BC02 3.22 4.15 (1.2%) 3.36 (0.2%) 6.83 (2.2%) 
Figures in parenthesis are coefficients of variation on ten 
determi na ti ons 
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CHAPTER 8 
FLOW-INJECTION VOLTAMMETRIC DETERflINATION OF PHOSPHATE 
DIRECT INJECTION OF PHOSPHATE INTO MOLYBDATE REAGENT 
Introduction 
During its relatively short life time, the technique of 
flow injection analysis has proven to be highly versatile and 
capable of automating a wide variety of analytical procedures~66). 
Previously procedures have been given for the flow-injection 
voltammetric determination of phosphate, silicate, arsenate and 
germanate (see Chapter 7). In these procedures the pre-formed 
heteropolymolybdates were injected into the bla'nk reagents as 
eluents and determined by the reduction current obtained at a 
glassy carbon electrode held at a suitable positive potential 
relative to the saturated calomel electrode. This procedure 
effectively eliminates the background signal of the blank and 
allows precise determinations to be made. 
Fujinaga· et al (189) have reported previously the direct 
injection of phosphate into an aqueous ethanol eluent, in which 
rapid formation of the molybdophosphate occurs. From the figures 
in their paper it is clear that a significant signal is obtained 
from the blank when 2.5 ppm of phosphate is being determined. 
By injection of pre-formed heteropolyacids 0.1 ppm of phosphate 
-and 0.01 ppm of silicate were determined previously in this labo-
ratory (see Chapter 7). 
In this chapter the optimisation of a procedure in which phos-
phate is injected directly into aqueous molybdate reagent is des-
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cribed. This procedure allows phosphate to be determined at 
the same level as that determined by injection of pre-formed 
molybdophosphate and is a considerable improvement on the results 
obtained by Fujinaga"et al 089). 
Phosphate can be determined precisely as molybdophosphate by 
flow injection analysis using a glassy carbon electrode as a 
voltammetric detector. The sample solution (25 ~l, 1 x 10-6 -
5 x 10-4M in phosphate) is injected into an eluent which is 2% m/v 
in ammonium molybdate and 0.6% v/v in concentrated sulphuric acid. 
Molybdophosphate, which is determined by reduction at the glassy 
carbon electrode, is fully formed when a 3m delay coil (0.58 mm 
i .d) is incorporated before the detector and a flow rate of 
4 ml min-l is used. The molybdate and the acid concentrations 
were optimised in this procedure for full and rapid formation of 
molybdophosphate. 
• 
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Experimenta 1 
Flow-injection analysis was applied essentially in a similar 
manner to that used previously in this laboratory (see Chapter 7) 
and as used by Fogg and Bhanot(199) for the determination of food 
colouring matters. The flow of eluent was usually produced by 
means of a Metrohm pressure bott1 e system (EA 11 01) worki ng at 
0.8 bar, although a perista1tic pump (Gi1ford Minipu1s 2) has 
also been used. A gravity feed system has also been used for 
presentation of pre-formed heteropo1yacids, but the system does 
not develop a sufficiently high flow-rate when using a sma11-
bore delay coil. E1uents were degassed by means of a vacuum pump. 
The use of an ultrasonic bath in conjunction with this would be 
advantageous. Injections were made by means of a Rheodyne 
sample injection valve (5020). 
The eluent was presented to the glassy carbon electrode 
(Metrohm EA 286) in the wall-jet configuration. A Metrohm detector 
cell (EA 1096) was used main1y,butwitnout inserting the counter 
and reference electrodes and with partial immersion of the cell 
in the electrolyte (O.OlM sulphuric acid). Contact between the . 
. 
electrolyte and the counter and reference electrodes was made by 
means of a salt bridge. Simpler detector. cells designed to. hold 
only the glassy carbon electrode have been constructed in the work-
shop of this laboratory and these have also been used effectively. 
The glassy carbon .e1ectrode was cleaned with 1M sodium hydroxide 
solution daily, or as required. rn order to extend the working life 
of the electrode, the use of a1umina in polishing should be avoided 
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and a simple polish with water or ethanol on a polishing cloth 
used instead. 
The potential of the glassy carbon electrode (+o.22V) was 
controlled by means of a PAR 174A polarographic analyser. 
Current peaks were recorded using a Tarkan 600 V-T recorder. 
The commercial system showing the bore size and length of 
tubing that is employed is shown in Figure 7.1. The Rheodyne 
valve is supplied with approximately 6 cm lengths of 0.8 mm bore 
tubing for the entrance and exit of the eluent. The Metrohm pres-
sure vessel system uses 0.3 mm bore tubing. Thus in the previous 
work with the injection of pre-formed heteropolyacids, the pressure 
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vessel was connected to the Rheodyne valve entrance tubing and 
the Rheodyne valve exit tubing to the detector cell, with approxi-
mately 25-30 cm of tubing of this size in each instance. This 
gave a flow rate of about 2.7 m1 min-1• In the present work the 
Rheodyne val ve exit tube was connected to the detector cell wi th 
varying lengths (0.5-8m) of 0.58 mm bore tubing, which allowed 
suitable flow-rates in the range 7.0-2.3 ml min-1 to be obtained 
with the pressure ·vesse1. A suitable gravity feed system for 
direct presentation of pre-formed heteropolyacids consists of a 
reservoir at a height of about 2m connected to the Rheodyne entrance 
tube by 1.58 mm bore tubing and the Rheodyne exi t tube connected to 
the detector cell by 25-30 cm of 0.58 mm bore tubing. 
All the results listed in this chapter were bbtained with the 
same apparatus shown in Figure 7.1, which included the Metrohm 
pressure vessel and a Metrohm detector cell and a Rheodyne injector 
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va 1 ve. A schema ti c di agram of the sys tern used is shown in 
Figure 8.1. which shows the lengths and bore size of tubing used. 
Sample 
injection 
I ! 
Delay 
coil 
I I .J..NVWV' ) 11aste 50 cm 0.3 mm O. 5~8 m t1etrohm 0.58 mm t1etrohm 
pressure detector 
bottle cell 
FIGURE 8.1: Apparatus Used 
• 
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Results 
Direct injection of 2.0 x 10-4M phosphate solution was 
studied initially us~ng the aqueous molybdate system studied 
previously. Thus the stock reagent solution contained 20 gm of 
ammonium molYbdate and 140 ml of concentrated sulphuric acid 
per litre. The eluent was prepared as required by a ten-fold 
dilution of this stock solution. After the bore sizes of the 
tubing had been optimised. as indicated in the experimental 
section. the effect of the length of the delay coil between 
the injection valve and detector cell was studied. The results 
given in Table I. clearly indicate that 3m is the optimum length 
for the delay coil. and show the effect·of sample injection 
volume on the signal obtained. The coefficient of variation 
(6 determinations) for this length of delay coil is typically 1%. 
The presence of double peaks when short delay-coil lengths were 
used was taken to be associated with incomplete reaction of 
phosphate and molybdate. 
These results were compared with those obtained with the 
injection of pre-formed molybdophosphate (also 2 x 10-4M) with 
the same delay coils. The pre-formed molybdophosphate solution was 
prepared by reacting phosphate with 5 ml of stock acidic molybdate 
solution and diluting to 50 ml in a calibrated flask after 15 min. 
The results are shown in Table lI. in which the flow-rate is also 
indicated. As expected the maximum signal was observed with the 
shortest delay coil and the signal decreased with increasing delay-
coil length and the associated dispersion. The fact that this 
maximum signal was only about the same value asthe maximum signal 
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TABLE I: Direct Injection of Phosphate: Effect of Length of 
Delay Loop and Sample Volume on Peak Current (~A) 
Phosphate concentration = 2 x 10-4M 
Sample volume/~l 
25 
50 
100 
+ Double peak obtained 
* Reproducibility bad 
0.5 
0.50+ 
0.55+ 
0.55+ 
Delay coil 
1.0 2.0 
0.85 1.18* 
0.85+ * 1.35 
0.80+ 1.40* 
x Very broad peak but good reproducibility 
length/m 
3.0 5.0 
1.16 0.95 
1.40 1.15 
l.60 1.45 
!}.O 
0.65x 
0.75x 
0.90x 
TABLE 11: Injection of Preformed Molybdophosphate: Effect of 
Length of Delay Loop and Sample Volume on Peak 
Current (~A) 
Molybdophosphate concentration = 2 x 1O-4~1 
Delay coil length/m 
'Sample volume/~l 0.5 1.0 2.0 3.0 5.0 8.0 
25 1.25 1.20 0.75 0.70 0.70 0.45 
50 1.40 1.30 0.80 0.70 0.70 0.55 
100 1.50 1.50 1.00 0.75 0.75 0.70 
Flow ra te/m 1 min- l 7.0 6.4 4.9 4.1 3.4 2.3 
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for the direct phosphate injection (after a 3m delay and the 
associated increased dispersion in this latter instance) was 
unexpected. After a 3 m delay the signal obtained for the pre-
formed molybdophosphate was only about half of that obtained by 
direct injection of phosphate. 
The reduction of the signal was found to be due to the 
acidity of the pre-formed molybdophosphate solution. When a 
solution of 2 x 10-4M phosphate in O.OlM sulphuric acid was injec-
ted di rectly (Le. not pre-fonned as molybdophosphate) there was 
no reduction of the signal, but when a solution in 0.22M sulphu-
ric acid, the same acidity as the eluent, was injected a large 
reduction in signal was observed. The effect of acidity on the 
peak height was shown in Figure 8.2. It seems probable that 
complete formation of molybdophosphate occurs in the pre-formed 
situation but that the electrochemical signal is acidity depen-
dent. The flow-rates given in Table 11 apply generally to all the 
work described here. 
The effect of lowering the acidity of the eluent on the signal 
obtained by injecting neutral phosphate solution with a 3m delay 
coil, was investigated next. Eluents were prepared by dissolving 
1.0 gm of ammonium molybdate in 500 ml of water with the addition 
of 2 to 7 ml of concentrated sulphuric acid. The results are shown 
in Table Ill. Clearly the addition of only 3 ml of sulphuric acid 
gives a considerably larger signal than the addition of the 7 ml 
that was used previously. The effect of varying the concentration 
of ammonium molybdate at this level of acidity was also studied 
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0.5 \lA 
,I. 
B A 
C 
• 
.... 
. 
~ TIME 
FIGURE 8.2: Effect of solution acidity on the oeak height 
-4 -3 -4-3 A,2 x 10 M neutral P04 ; B,2 x 10 M P04 prepared 
in O.OlM H2S04; C,2 x 10-
4M P043 prepared inO.22M H2~04 
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(Table IV) and the proposed level (2% m/v) was found to be 
satisfactory. The effect of the length of the delay coil on 
the signal obtained at the new optimum acidity level was 
studied (Table V). The optimum length was found to be 3m, as 
before. 
The effect of the length of the delay coil when molybdo-
phosphate (pre-formed at the lower optimised acidity) was injec-
ted is shown in Table VI. For 25 ~l injections the signals 
obtained for the injection of phosphate and molybdophosphate 
after 3m were similar, whereas for a 100 ~l injection the signal 
after 3m for the pre-formed molybdophosphate is appreciably larger 
and the signals only become similar after Srn. This is illustra-
ted graphically in Figure 8.3. This suggests that when 100 ~l 
of 2 x 10-4M phosphate was injected formation of molybdophosphate 
is incomplete after 3m, although the maximum signal is obtained 
at this length. 
An assessment was made of the limit of detection for the 
injection of 25 ~l of phosphate and of pre-formed molybdophosphate 
• 
with delay-coil lengths of 3 and O.Sm, respectively. In the former 
instance the injection of water gave a signal of 0.015 ~A, compared 
-6 
with a signal of 0.040 ~A when 2 x 10 M phosphate solution (5 ng 
of phosphate) was injected. In the latter instance injection of 
2 x 1O-6M molybdophosphate solution with a O.Sm coil gave a signal 
of 0.100 ~A, whereas the noi se on the base 1 i ne was assesse.das 
about O.OOS~A: the injection of the blank did not affect the base 
line in this instance as it contains acid molybdate. Therefore, 
« 
:>. 
-
-
6·0 
~ 3·0 
:> 
o 
o 3·0 6·0 
delay coil I m 
FIGURE 8.3: Comparison of pre-formed and direct injection of phosphate 
e. 100 \Jt; &. 251lR. pre-formed 12-mo1ybdophosphate 
e 100 1lR.; t!l25uR. direct injected 
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TABLE Ill: Direct Injection of Phosphate: Effect of Amount of 
Sulphuric Acid in the Eluent on the Peak Current (·).IA) 
-4 Phosphate concentration = 2.0 x 10 M 
Delay loop length = 3m 
Volume of concentrated sulphuric acid 
in 500 ml of eluent/ml 
Sample volume/).Il 
1 2 3 5 7 
25 2.27 3.15 3.62 2.00 1.18 
50 2:35 3.32 3.85 2.27 1.37 
100 2.53 3.50 4.00 2.60 1.63 
TABLE IV: Direct Injection of Phosphate: Effect of Amount of 
Molybdate in the Eluent on the Peak Current ().lA) 
Phosphate.concentration = 2.0 x 10-4M 
Delay loop length = 3 m 
Sulphuric acid concentration of eluent = 3 m1 in 500 m1 
Amount of ammonium molybdate in eluent/% w/v 
Sample vo1ume/).Il 
1.0 1.5 2.0 2.5 3.0 
25 1.02 1.90 3.62 2.98 3.50 
50 1.07 1.98 3.83 3.25 3.85 
100 1.00 2.13 3.98 3.55 4.20 
• 
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TABLE V: Direct Injection of Phosphate: Effect of Delay Coil 
Length at the Optimised Acidity on Peak Current (~A) 
Phosphate concentration = 2.0 x 10-4M 
Delay coil length/m 
Sample vo1ume/~1 
0.5 1.0 2.0 3.0 5.0 8.0 
25 1.05* 1.70 2.80 3.60 2.75 1.80 
100 1.15* 1.65' 3.10 3.98 3.40 2.30 
* Double peak obtained 
TABLE VI: Injection of Preformed Mo1ybdophosphate: Effect of 
Delay Coil Length at the Optimised Acidity on the 
Peak Current (~A) 
-4 Mo1ybdophosphate concentration = 2 x 10 M 
• 
Sulphuric acid concentration of eluent and injected sample 
= 3 m1 in 500 ml 
~ample vo1ume/~1 
Delay coil length/m 
" I 
0.5 1.0 2.0 3.0 5.0 
25 0.78 5.15 4.20 3.85 2.70 
100 6.85 6.35 5.50 5.20 3.35 
8.0 
1.85 
2.35 
. 
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0.5 ng of phosphate is detectable assuming that in pre-forming 
the molybdophosphate the sample volume to reagent volume ratio 
is maximised at 9:1. The signals obtained are shown in 
Figure 8.4 • The excellent base line obtained for injection 
-5 of 2 x 10 M phosphate solution is also shown. 
Calibration graphs in the range 10-6 - 10-4M were recti-
linear and 3m was shown to be the optimum delay coil length at 
the lower concentration as well as at the 10-4M level. 
.... 
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FIGURE 8.4: 
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• Signals obtained at low corx:entrations. Injection volume = 25 111. 
Injection gf A, 2 x 10-GM pre-formed mo1ybdophosghate in acidic solution; B, water; 
e, 2 x 10- M phosphate solution; and D, 2 x 10- M phosphate solution. Delay-coil length: 
A, 0.5m and 6-D, 3 m. 
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Discussion 
A procedure for the vo1tammetric determination of phosphate 
by direct injection into molybdate reagent at a glassy carbon 
electrode has been optimised. An aliquot of phosphate (25-100 ~l) 
should be injected into an acid molybdate reagent that contains 
2% m/v of ammonium molybdate and 0.6% v/v of concentrated 
sulphuric acid. Injection of 25 ~l rather than 100 ~l volumes 
gives a1iquots dispersion more rapidly and is generally more 
satisfactory for general use. Further, in situations such as those 
occurring in clinical applications, the use of small sample 
volumes has distinct advantages. 
The size of the blank becomes significant in the determina-
tion of phosphate at levels of less than about 10-5M. When pre-
formed molybdophosphate is injected the blank only becomes signi-
ficant at levels of less than about 10-6M and this procedure 
would be preferred in applications where phosphate is being 
determined at levels of less than 10-5M. 
The results shown in Figure 8.3 and in Tables V and VI are 
particularly interesting and illustrate the formation and disper-
sion characteristics of flow-injection systems in a manner which 
the present author has not seen illustrated elsewhere. In. general 
terms,when a pre-formed derivative is injected, maximum signal 
is obtained at the shortest delay coil length, the signal decrea-
sing with increasing delay coil length owing to dispersion. When 
the same volume and concentration of unreactea determinant is 
injected into reagent the dispersion will be the same, and provided 
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that full formation of the derivative eventually occurs the 
signal obtained at longer delay coil lengths will be the same 
as for injection of the pre-formed derivative. The results in 
Figure 8.3 show this specifically for injection of phosphate 
and l2-molybdophosphate. Thus for 25 ~l injections at the 
2 x lO-4M level identical signals are obtained for injection 
of phosphates and l2-molybdophosphate at delay coil lengths 
greater than 3 m. 
• 
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CHAPTER 9 
FLOW-INJECTION VOLTAMMETRIC DETERMINATION OF 
NITRITE BY REDUCTION AT A GLASSY CARBON IN 
ACIDIC BROMIDE OR CHLORIDE MEDIA 
Introduction 
In developing an automated amperometric microtitration tech-
nique for the determination of low concentrations of pharmaceuti-
cally important sulphonamides by diazotisation with nitrite 
Coenegracht et al~O~ investigated the use of the biamperometric 
end-point detection method that is commonly used for determina-
tions at higher levels of sulphonamide~04). Extrapolation of 
current versus volume plots is necessary at low concentrations 
in order to obtain satisfactory precision and unfortunately the 
• biamperometric plots after the end-point were curved. They then 
studied the system· monoamperometrically using a rotating platinum 
working electrode and showed that for a 5 x 10-6M solution of 
nitrite that is lM in hydrochloric acid and 20% m/V in potassium 
bromide there is no potential range over which zero current is 
obtained. Instead a composite oxidation-reduction wave is obtained 
with zero current at +0.6V. versus SCE. The anodic part of this 
wave is due to the oxidation of bromide and the cathodic part to 
. the reduction of nitrosyl bromide formed by reaction of nitrite 
and bromide. At these high levels of bromide the current on the 
anodic side is not limited, but a well-formed cathodic voltamme-
tric wave is given by nitrosyl .bromide. The procedure adopted by 
Coenegracht et al(20~ involved titrating the sulphonamide in lM 
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hydrochloric acid solution containing 25% potassium bromide with 
standard 0.001-0.05M nitrite solution whilst monitoring the reduc-
tion current of nitrite, or rather nitrosyl bromide, at a rotating 
platinum electrode held at +0.35V versus SCE. 
~03) 1 -6 1· Coenegracht et al also showed that in a 5 x 0 M so utlon 
of nitrite that is lM in hydrochloric acid and 20% m/V in sodium 
chloride zero current was obtained over the potential range 
+0.7 - +0.9V. Oxidation of chloride occurred above +0.9V and 
reduction of nitrite below +0.7V. but the reduction wave due to 
nitrosyl chloride was not as well-formed as that due to nitrosyl 
bromi de. 
Although the end-point detection method of Coenegracht et al 
was not adapted by them to the direct determination of nitrite, it 
clearly can be used for this purpose. In this Chapter the solution 
• 
conditions have been optimised for the determination of nitrite 
using voltammetric flow-injection analysis at a glassy carbon 
electrode. 
Nitrite can be determined by reduction at a glassy carbon 
electrode held at +0.3V versus SCE by flow-injection voltammetry 
at concentrations ~10-6M by direct injection of sample solution 
(25 lll) into an eluent 3.214 in hydrochloric acid and 20% m/V in 
potassium bromide. Alternatively the nitrite may be pre-reacted 
wi th aci di c bromi de before i njecti on and determi ned at concentra-
tions ~10-7M. The use of an acidic chloride medium is less 
sati sfactory. 
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Experimental 
Apparatus 
Flow of eluent was.produced with an Ismatec Mini-S peristaltic 
pump. and injections (25 p1) were made·with a Rheodyne injection 
valve (5020). The injection valve was connected to a Metrohm 
detector cell (EA 1096). fitted with a glassy carbon electrode 
(EA 286). by means of suitable lengths of 0.58 mm bore tubing. 
The detector cell was used as previously (see Chapters 7 and 
8) partially immersed in O.OlM sulphuric acid solution with the 
counter and reference electrodes removed. Electrical contact from 
a platinum counter electrode and a potentiometric calomel reference 
electrode to the sulphuric acid solution was made by means of a 
salt bridge. It was found to be unnecessary to de-gas the eluent. 
The potential of the glassy carbon electrode was held at +0.30V 
versus SCE, except as indicated otherwise, using a PAR 174 polaro-
graphic analyser (Princeton Applied Research). Current signals 
were monitored on a Tarkan 600 y-t recorder. 
A schematic diagram of the system used is shown in Figure 9.1 
which shows the lengths and bore size of tubing used. 
Sample 
injection 
• 
I I 1 
Delay 
_ coil 
~----5-0~c~m~~-----4 
3 0: 5-S m· O. mm O.5S.mm 
I-I----~) \~aste 
11etrohm 
pressure 
liott1e 
FIGURE 9.1: Apparatus Used 
~letrohm 
detector 
cell 
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Reagents 
Standard sodium nitrite solution, approximately 1 x 10-2 M 
Dissolve approximately 0.172g of analytical reagent grade 
sodium nitrite accurately weighed in water and dilute to 250 m1 
in a calibrated flask. This solutionis 1 x 1O-2~1 in nitrite. 
Prepare more dilute standard solutions from this solution. 
Hydrochloric acid solution, 0.3 M. Dilute 13.8 m1 of concen-
trated hydrochloric acid to 500 ml with water. 
Acidic bromide solution, 20% m/V in KBr and 3.2 M in hydro-
chloric acid. Dissolve 100g of potassium bromide in 350 ml of 
water, add 138 ml of concentrated hydrochloric acid, cool the 
solution, dilute to 500 ml and mix. 
Acidic chloride solution, 18% m/V in NaCl and 2 M in hydro-
chloric acid. Dissolve 90g of sodium chloride in 400 ml of water, 
add 86 ml of concentrated hydrochloric acid, cool the solution, 
dilute to 500 ml and mix. 
~odium chloride solution, 30% m/V. Dissolve 150g of sodium 
chloride in water and dilute to 500 ml with water. 
Preliminary Studies 
Coenegracht et al(203) obtained satisfactory voltammograms at 
a rotating platinum electrode for 5 x 10-6M nitrite in Hr, hydro-
chloric acid and 20% m/V potassium bromide solution, and in HI 
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hydrochloric acid and 20% m/V sodium chloride solution, and 
these solution conditions were adopted here for preliminary 
investigation. Initial studies were made at the 2 x 10-4M 
level of nitrite. 
The chloride system was studied first. Injections of nitrite 
with added sodium chloride into hydrochloric acid and of a pre-
reacted nitrite/sodium chloride/hydrochloric acid solution into 
acid chloride eluent were made. For the injection of neutral 
nitrite containing chloride into hydrochloric acid of different 
concentrations, a double peak indicating incomplete reaction was 
observed at sodium chloride concentrations less than 15%, but only 
a single peak was observed at 15%. The peak height increased 
with increasing acidity from O.OlM to 2M hydrochloric acid. At 
5M hydrochloric acid salt precipitated and double peak was obser-
ved above 3.8M. Thus it appeared that 3.6M hydrochloric acid and 
18% sodium chloride was the optimum solution condition. The length 
of the delay coil was optimised at 4m during this development: 
a double peak was observed with a 3m length. 
The study of injecting nitrite pre-reacted with acidic chloride 
indicated that complete reaction was reached rapidly, no difference 
in peak height being observed between solutions kept for up to 40 
mins before injection and those injected immediately after mixing. 
Comparison of peak heights with a 4m delay coil for neutral nitrite 
and pre-reacted nitrite injection indicated that the yield in the 
former case was 74% that in the latter case (see Figure 9.2). 
...... 
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FIGURE 9.2: Injection of CA) pre-reacted nitrite, 2 x 10-5M, 
(B) Direct injection of nitrite,2 x 10-5M 
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Whereas solutions in which nitrite reacted with acidic 
chloride remained colourless, those in which nitrite reacted 
with acidic bromide became increasingly coloured more yellow with 
time. Furthermore the injection of these pre-reacted solutions 
gave a voltammetric signal which was some ten times larger than 
that obtained with the chloride system and which increased 
continuously and markedly for pre-reaction times of up to 40 mins. 
The injection of neutral nitrite containing potassium bromide into 
acid, however, gave a voltammetric signal of the same order of 
magnitUde as for the pre-reacted chloride system. For the pre-
reacted system increased activity gave more rapid formation of 
colour and signal. At 20% KBr and 3.2M hydrochloric acid the 
voltammetric peak obtained was 18.5 ~A after 5 min and 23 ~A 
after 20 mins. The optimised eluent for direct injection of neutral 
nitrite was found to be 2M hydrochloric acid and 20% potassium 
bromi de. 
Measurable peaks were obtained for 1 x 10-5M nitrite for 
direct injection of nitrite into the chloride system and for 
1 x 10-6M for injection of pre-reacted acidic chloride solution. 
For the bromide system 1 x 10-6M of nitrite was detectable by 
direct injection. A much lower limit was expected from the pre-
reacted system in view of the large increase in yield of nitrosyl 
bromide on standing the pre-reacted 10-4M nitrite solution for 40 
mins; but in practice the signal surprisingly disappeared rather 
abruptly at nitrite concentrations oflO-6M and less. This seemed 
to indicate that, although rapid formation of nitrosyl "bromide 
occurs at high acidity, low concentrations of nitrosyl bromide are 
unstable in this medium. 
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Further study indicated that an approximately ten-fold 
dilution of the acidic bromide reagent made possible the deter-
mination of 1 x 10-7M bromide in sample solutions using the pre-
reacted method. 
Determination of Nitrite in Acidic Bromide or Chloride Media 
Procedures 
a} Direct injection into acidic bromide eluent 
Inject 25 ~1 of nitrite sample or standard solution 
(1 x 10-6M - 1 x 10-4M) into acidic bromide solution and note 
the reduction current signal. Use a 4m delay coil. 
b} Injection of nitrite pre-reacted with acidic bromide solution 
. 
Transfer by pipette an aliquot (~45 ml) of nitrite sample 
-7 -4 
or standard solution (1 x 10 M - 1 x 10 M) into a 50 ml cali-
brated flask. Add 4 ml of acidic bromide solution, mix the solution 
and allow it to stand for 20 mins. Dilute to 50 m1, mix and inject 
25 ~1 into 0.3M hydrochloric acid solution. Note the reduction 
current signal. Use a 3m delay coil. 
c} Direct injection into acidic chloride eluent. 
Inject 25 ~lof nitrite sample or standard solution (1 x 1O-5M -
5 x 10-4M) into acidic chloride solution and note the reduction 
current signal. Use a 3m delay coil. 
lM 
d) Injection of nitrite pre-reacted with acidic chloride 
Solutlon 
Place 30 ml of 30% sodium chloride solution and 8.6 ml of 
concentrated hydrochloric acid (by graduated pipette) in a 50 ml 
calibrated flask. Add by pipette an aliquot (~ 10 ml) of nitrite 
sample or standard solution (1 x 10-5M - 5 x 10-4M), dilute to 
50 ml with water and mix. Inject 25 ~l into 0.3 - lM hydrochloric 
acid solution and note the reduction current signal. Use a 3m 
delay coil. 
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RESULTS 
Results in Table 1 show the effect on the signal obtained of 
the amount of acidic· bromide reagent added to various levels of 
nitrite before injection into 0.3M hydrochloric acid. The insta-
bility of the reductand at lower concentrations in higher acidity 
solutions is clearly seen. The use of 4 ml of reagent was adopted 
as thi s gave a recti 1 i near si gna lover three orders of magnitude 
from 2 x 10-7M to 2 x 10-4M nitrite. 
TABLE 1: 
Pre-reacted acidic bromide system: effect of volume of a~idic 
bromide reagent added to give 50 ml of pre-reacted solution on the 
reduction current signal (uA) at various levels of nitrite concen-
tration. Delay coil length = 3m. 
Volume of acidic Equivalent concentration of nitrite in 
bromi de reagent pre-reacted solution 
added fml 2 x 10-lfM 2 x 10-sM 2 x 1O-6M 2 x 1O-7M 
2 2.50 0.30 0.03 0.009 
4 12.0 1.18 0.118 0.011 
6 13.0 1.40 0.070 0 
8 12.4 1.50 0 0 
This is illustrated by the signals shown in Figure 9.3. The delay 
coil length between 1 and 4m has a relatively small effect on peak 
height although the peaks become broader. The peak heights at 
different delay coil lengths are given in Table 11 which also 
includes the flow rates obtained. These flow rates apply to all 
the results given in this chapter. 
10 \lA 
J J J 
(A) (8) (C) (D) 
4 - Time 
FIGURE 9.3: Injection of nitrite pre~reacted with acidic bromide solution using recommended procedure. 
Equivalent nitrite concentration in pre~reacted solution injected: 
A,2 x lO~7; B,2 x lO~6; C,2 x lO~5 and 0.2 x lO~4M 
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TABLE II: 
Pre-reacted acidic bromide system: effect of delay coil length on 
the signals obtained and the flow rate using the recommended pro-
cedure. Equivalent nitrite concentration = 2 x 10-5M 
Delay coil length/m 
Peak current/ A 
Flow rate/ml min-l 
*Double peak 
0.5 1.0 2.0 3.0 4.0 5.0 
1.70* 1.40 1.36 1.26 1.04 0.85 
9.6 8.0 5.2 4.2 3.3 2.9 
The effect of acid concentration of eluent containing 20% m/V 
potassium bromide, and that of potassium bromide concentration of 
eluent 3.2M in hydrochloric acid, on the signal obtained on direct 
injection of nitrite is shown in Tables III and IV. The effect of 
delay coil length on the signal for direct injection into the 
optimised eluent is shown in Table V. A 4m coil is required to 
remove the double peak but otherwi se there is 1 ittl e change in peak 
height between 0.5 and 4m. Signals obtained for direct injection of 
2 x 10-6M - 2 x 10-4M nitrite solutions are shown in Figure 9.4. 
Signals obtained for the injection of nitrite pre-reacted in 
acidic chloride solution are shown in Figure 9.5. The effect of 
acid concentration of eluent containing 18% m/V of sodium chloride, 
and that of the sodium chloride concentration of eluent 2M in 
hydrochloric acid, on the signal obtained on direct injection of 
nitrite are shown in Tables VI and VII. The effect of delay coil 
length on the signal for direct injection into the optimised eluent 
is shown in Table VIII. 
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Flr.URE 9.4: Direr.t injection into acidic bromide solution using 
recommended procedure. Equivalent nitrite concentration 
in injection solution. 
A,2 x 10-6; B,2 x 10-5 and C,2 x lO-4~1. 
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( Time 
FIGURE 9.5: Injection of nitrite pre-reacted with acidic chloride 
solution. Equivalent nitrite concentration in pre-reacted 
solution injected: A,2 x lO-6r4; B,2 x 10-5; and 
C,2 x lO-4M . 
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TABLE II I: 
Direct injection into acidic bromide: effect of acid concentration 
of eluent on signal obtained. Potassium bromide concentration = 
20% m/V. Nitrite concentration = 2 x 10-~M 
Hydrochloric acid 
concentta ti on/M 
Peak current/JlA 
*Double peaks 
TABLE IV: 
1 2 
1.90* 3.90* 
3 3.2 3.4 
5.30 6.90 6.60 
Direct injection into acidic bromide: effect of potassium bromide 
concentration on signal obtained. Hydrochloric acid concentration 
= 3.2M: Nitrite concentration = 2 x 10-5M 
Potassium bromide 
concentration/% m/V 
Peak current/JlA 
TABLE V: 
5.0 10.0 
0.30 0.41 
15.0 20.0 25.0 
0.49 0.69 ppt 
Direct injection into acidic bromide: effect of delay coil length 
on signal obtained using recommended eluent. Nitrite concentra-
tion = 2 x 10-4M. 
Mixing coil length/m 0.5 1.0 2.0 3.0 4.0 5~0 
Peak current/JlA 6.50* 6.40* 6.40* 6.50* 6.90 5.60 
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TABLE VI: 
Direct injection into acidic chloride: effect of acid concentration 
of eluent on signal obtained. Sodium chloride concentration = 18% m/V. 
Nitrite concentration = 2 x 10-4M. 
Hydrochloric acid concentration/M 0.5 
Peak current/~A 0.20 
TABLE VII: 
1.0 
0.26 
1.5 
0.50 
2.0 
1.60 
Direct injection into acid in chloride: effect of sodium chloride 
concentration of eluent on signal obtained. Hydrochloric acid 
concentration = 2M. Nitrite concentration = 2 x 10-4M. 
Sodium chloride 
concentration/% m/V 
Peak current/~A 
TABLE VIII: 
3.0 6.0 9.0 12.0 15.0 18.0 20.0 
0.38 0.50 0.70 0.85 1.12 1.30 ppt 
Direct injection into acidic chloride: effect of delay coil length 
on signal obtained using recommended eluent. Nitrite concentration 
= 2 x 10-4M 
Delay coil length/m 
Pea k curren t/ ~A 
*Doub1e peak 
. 
0.5 
3.50* 
1.0 2.0 
3.00* 2.50* 
3.0 
1.50 
4.0 
0.70 
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The effect of the potential of the glassy carbon electrode 
on the signal obtained for nitrite injected after pre-reaction 
with acidic bromide or chloride into O.3M hydrochloric acid 
solution is shown in Figure 9.6. 
2.0 
A 
Potential vs SCE/V 
0.1 0.2 0.3 0.4 0.5 0.6 
FIGURE 9.1: Effect of the Dotential of the glassy carbon electrode on the signal obtained for iniection 
of nitrite pre-reacted with (Al acid bromide ~nd (6) ~cidic chloride into O.3M hydrochloric 
acid. Equivalent nitrite concentration: 2 x 10-SM 
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DISCUSSION 
Nitrite down to the 10-6M level can be determined very con 
venient1y by flow-injection vo1tammetry at a glassy carbon 
electrode by direct injection into an acidic bromide reaction. 
By injecting nitrite pre-reacted with acidic bromide into 0.3 M 
hydrochloric acid solution the determination can be extended to 
the 10-7M level. A high potassium bromide concentration (20% m/V) 
is used in the eluent for the direct injection procedure, and 
therefore the use of the pre-reacted system which uses a lower 
concentration of bromide would allow a considerable saving of 
reagent. Clearly pre-reaction could be carried out in a smaller 
volume than that used in the recommended procedure (50 m1). 
As well as giving a lower detection limit the acidic bromide 
medium has the additional advantage that adsorption is not a 
problem with this system. The glassy carbon electrode can be 
used extensively with this system without the need to clean or 
polish it. A glassy carbon electrode used with the acidic chlo-
ride system requires more frequent cleaning, e.g. after approxi-
mately 5 or 10 injections at the 10-4 and 1O-5M levels respectively. 
In the reaction of nitrite with bromide and chloride in 
acidic media an equilibrium appears to be set up, and clearly in 
the procedures recommended here conversion of nitrite into nitrosyl 
bromide or nitrosyl chloride is incomplete. More extensive forma-
tion of nitrosyl bromide was shown to be obtained at thelO-4M 
level, for example, by increasing the acidity. and bromide concentra-
tion even higher. 
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CHAPTER 10 
SEQUENTIAL FlOW- INJECTION VOl TAMMETRIC 
DETERMINATION OF PHOSPHATE AND NITRITE BY 
INJECTION OF REAGENT INTO A SAMPLE STREAM 
Introduction 
In the usual application of flow-injection analysis (FIA) 
aliquots of sample are injected into a stream of reagent and the 
derivative that is formed is determined at a suitable detector(166). 
Previously flow-injection voltammetric procedures were developed 
in this laboratory for determination of phosphate and nitrite 
using this normal procedure (see Chapters 8 and 9). Early in 
these studies on phosphate and other nutrients in hydroponic fluids 
this approach was being considered. In this and similar applica-
tions the requirement is not for a rapid throughput of samples 
but for intermittent analysis at infrequent intervals of a single 
sample of changing composition. Further in these applications the 
sample solution is in plentiful supply and is inexpensive. At that 
time in unpublished work the poss·ibility of making determination 
by injection of reagent into a sample stream was demonstrated. 
Johnson and Petty(205) have reported a visible spectrophoto-
metric method for the determination of phosphate using FIA with 
injection of reagent. They point out that whereas with normal FlA, 
in which the sample is injected into a reagent stream, the sample 
is diluted by dispersion as it passes to the detector, whereas in 
reverse FIA, where the reagent is injected into a sample stream, 
the concentration of "sample" in the injected reagent plug increases 
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as the plug passes to the detector. For this reason, assuming 
that a very concentrated reagent solution is injected, the 
sensitivity of the reverse technique should be greater than that 
of the normal technique. Johnson and petty(205) obtained a five 
fold increase in sensitivity for the reverse technique over that 
reported by Ruzicka and Haussen(166) using the analogous normal 
technique. 
In this work the application of the reverse technique with 
voltammetric detection has been demonstrated. Further the sequen-
tial injection of different reagents to determine several 
constituents of a sample stream has been illustrated by the 
determination of phosphate and nitrite in a same solution. 
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Experimental 
Flow-injection analysis was applied essentially in a similar 
manner to that used previously (see Chapters 7, 8 and 9) except 
that the sample solution was used as the eluent. The flow of 
sample stream was produced usually by means of a Metrohm pressure 
bottle system (EA 1101) working at 0.8 bar, although a perista1tic 
pump (Gi1ford Minipu1s 2) was used also. Injections were made by 
means of a Rheodyne injection valve (5020). 
The sample stream was presented to a glassy carbon electrode 
(Metrohm EA 286) in the wall-jet configuration. A Metrohm detector 
cell (EA 1096) was used, but without inserting the counter and 
reference electrodes and with partial immersion of the cell in 
electrolyte (O.OlM sulphuric acid). Contact between the electro-
lyte and the counter and reference electrodes was made by means 
of a salt bridge. The glassy carbon electrode was cleaned with 
1M sodium hydroxide solution daily, or as required. It was found 
to be unnecessary to de-gas the sample stream. The potential of 
the glassy carbon e.1ectrode was held at +0.22V (versus SCE) 'in 
case of phosphate determination and at +0.30V in case of nitrite 
determination, except as indicated otherwise, using a PAR-174 
polarographic analyser (Princeton Applied Research). Current 
signals were monitored on a Tarkan 600 Y-t recorder. All the 
results 1 isted in this Chapter were obtained with the same appara- . 
tus used before (see Figure 7.1), which included the Metrohm pres-
sure vessel and a Metrohm detector cell. The same glassy carbon 
electrode was used throughout. 
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Reagents 
Standard orthophosphate solution: 3 x 10-3M (285 g ml- l of P04~ 
Dissolve 0.408 gm of analytical-reagent grade potassium 
dihydrogen orthophosphate in water and dilute to It in a calibra-
ted flask. This solution is 3 x 10-3M in phosphate. Prepare less 
concentrated standard solution by dilution. 
Acidic molybdate solution: 0.5% m/V 
Add 0.6 ml of analytical-reagent grade concentrated sulphuric 
acid to 60 ml of water. Dissolve 0.5 gm of ammonium molybdate 
in the resulting solution and dilute to 100 ml with water. 
Standard sodium nitrite solution, approximately 1 x 10-2M 
Dissolve approximately 0.172 gm of analytical-reagent grade 
sodium nitrite, accurately weighed, in water and dilute to 250 ml 
in a calibrated flask. This solution is 1 x 10-2M in nitrite. 
Prepare more dilute standard solutions from this solution. 
Acidic bromide solution, 20% m/V potassium bromide and 3.2M in 
hydrochlorlc aCld 
Dissolve 20 gm of potassium bromide in 70 ml of water, add 
27.6 ml of concentrated hydrochloric acid, cool the solution, 
dilute to 100 ml and mix. 
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Procedures: 
a) Direct injection of acidic molybdate reagent into a stream 
of phosphate 
Inject 10 ~l of 0.5% m/V acidic molybdate reagent into a 
stream of phosphate (1 x 10-4 - 1 x 10-5M). Use a 3m delay coil. 
b) Direct injection of acidic bromide reagent into a stream of 
Nitrite 
Inject 10 ~l of 20% m/V acidic bromide reagent into stream 
of nitrite. (1 x 10-3 - 1 x 10-4M). Use a 3m delay coil. 
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Results 
Injection of 2% m/V acidic molybdate (10 ~l) used previously 
(Chapter 8) into a sample stream of 2.0 x 10-4M phosphate was 
studied initially. The phosphate sample stream was prepared as 
required by a ten-fold dilution of the stock solution. The 
effect of the length of the delay coil between the injection 
valve and the detector cell at this concentration of phosphate 
was studied. The result, given in Table I clearly indicates that 
3m is the optimum length for the delay coil. 
Injection into a sample stream with a lower phosphate concen-
tration (2 x 10-5M) was made next using the 3m delay coil and 
the same reagent.. A proportionally much lower peak current value 
of 0.27 ~A was obtained and a double peak was apparent. This was 
clearly unsatisfactory and attention was directed to studying the 
effect of the reagent composition. Reagent solutions were prepared 
with different concentrations of ammonium molybdate while the sul-
phuric acid concentration was kept constant at 0.6% V/V. Table 11 
shows the effect of the concentration of ammonium molybdate used 
on the peak current obtained for a sample solution 2 x 10-4Min 
phosphate. 
The optimum concentration of sulphuric acid ,used was found 
to be the same as previously (see Chapter 8) i.e. 0.6% V/V. The 
effect of the length of the delay coil on the signal obtained at 
the new optimum amount of ammonium molybdate (0.5% m/V) was studied 
(Table Ill). The optimum length was found to be 3m, as before. 
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TABLE I: 
DIRECT INJECTION OF REAGENT: Effect of Delay Coil on Peak Current pA 
il Sample stream 2 x 10-4M phosphate, 10 pl reagent injected 
Delay-Coil Length/m 
1.0 2.0 3.0 4.0 5.0 
Peak current 2.50 . 4.70 5.80 5.00 5.00* 
* Reproducibility bad. 
TABLE II: 
DIRECT INJECTION OF REAGENT: Effect of Amount of Arranonium Molybdate 
on the Peak Current pA 
Sample stream 2 x 10-4M phosphate, 10 pl reagent injected, 3m delay coil 
Concentratlon of ammom'um 
molybdate in reagent % m/V 0.5 1.0 1.5 2.0 
Peak current pA 6.20 6.0 5.20 4.65 
TABLE II I: 
DIRECT INJECTION OF REAGENT: Effect of Delay-Coil Length at Opti-
mised Ammonium Molybdate ! 
Sample stream 2 x 10-4M phosphate, 10 pl reagent injected 
Delay-Coil Length/m 
1 2 3 4 5 
. 
Peak current pA 2.0 3.8 6.15 6.25* 5.75 
*Reproducibility bad 
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Signals obtained when the optimised reagent (0.5% m/V in 
ammonium molybdate and 0.6% V/V in concentrated sulphuric acid) 
were injected into a sample stream of phosphate at the 2 x 10-5 -
2 x 10-4M level are sho~m below. 
Sample concentration 
2 x 10-4 
2 x 10-5 
Peak current, ~A 
6.18 
0.610 
Signals obtained can be seen clearly in Figure 10.1 •. 
Determination of phosphate by direct injection of reagent at 
10-6M level was difficult owing to the high background current 
obtained when the reagent (10 ~l) was injected into a stream of 
distilled water, also a double peak was obtained which is believed 
to be due to a non-equilibrium in the system between the reactant 
for the formation of molybdophosphate. 
Phosphate was determined in the presence of nitrite without 
any interference. Figure 10.1. 
Injection of acidic bromide reagent (10 ~l) that is 3.2M in 
hydrochloric acid and 20% m/V potassium bromide into the sample 
stream of 2 x 10-4M nitrite was studied initially. The nitrite 
sample stream was prepared as required by a ten-fold dilution of 
the stock solution. The effect of the length of the delay coil 
between the injection valve and the detector cell at this con-
centration of nitrite was studied. The peak heights at differp.nt 
delay-coil lengths are given in Table IV. 
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FIGURE 10.1: Signals obtained, direct injection of reagent 
into sample stream in phosphate and nitrite. 
A. 2. x 10-5H phosphate + 1 x 10-4M nitrite 
B. 4 x 10-5M phosphate + 1 x 10~4M nitrite 
C. 6 x 10-5M phosphate + 1 x 10-4M nitrite 
D. 6 x 10-5M phosphate only . 
204 
The effect of the reagent composition was studied next. 
Reagent solutions were prepared with different concentrations of 
potassium bromide while the hydrochloric acid concentration was 
kept constant at 3.2r~. Table V shows the effect of the concen-
tration of potassium bromide used on the peak current obtained. 
for a sample solution 2 x 10-4M in nitrite. 
The concentration of hydrochloric acid used was studied 
next. Table VI shows the effect of the concentration of hydrochloric 
acid on the peak height obtained. 
The results shown above were obtained at the optimum condition 
for the determination of nitrite by direct injection of acidic 
bromide reagent. Determination of nitrite by direct injection 
of reagent at the 10-5M level was difficult owing to the high 
background current obtained when reagent (10 ~l) was injected into 
a stream of distilled water; . also there may be incomplete formation 
of ni trosyl bromide at this 1 evel • 
Nitrite at 2 x 10-4M can be determined in the presence of 
phosphate at 1 x 10-5Mwithout any mutual interferences. 
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TABLE IV: 
DIRECT INJECTION OF REAGENT: Effect of Delay Coil on Peak Current 
(~A), Sample Stream 2 x 10-4M 
Nitrite (10 ~l) Reagent Injected 
Delay coil length/m 1.0 2.0 3.0 4.0 
Peak Current ~A 2.80 3.05 3.20 2.80 
TABLE V: 
DIRECT INJECTION OF REAGENT: Effect of Potassium Bromide Concen-
tration on Peak Current (~A) Hydro-
chloric acid = 3.2M, Sample Stream 
2 x 10-4M Nitrite, Delay Coil Length 3m 
Potassium Bromide Concen- 5.0 10.0 15.0 20.0 tration % m/V 
Peak Current ~A 0.6 1.30 2.30 3.30 
TABLE VI: 
DIRECT INJECTION OF REAGENT: Effect of Hydrochloric Acid Concen-
tration on Peak Current (~A). Potas-
sium BrQmide = 20% m/V, Sample Stream 
2 x 10-4M Nitrite, Delay Coil Length 3m 
Hydrochloric Acid Concen- 1.0 2.0 3.0 3.2 tration/M 
Peak Current"~A 1.2 1.98 2.60 3.05 
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Discussion 
A procedure for the flow-injection voltammetric determination 
of phosphate and nitrite is optimised. In these procedures 
direct injection of (10 ~l) reagent that contains 0.5% m/V ammo-
nium molybdate and 0.6% V/V concentrated sulphuric acid into a 
sample stream (1 x 10-4 - 1 x 1O-5M level) of phosphate, 20% m/V 
potassium bromide and 3.2M hydrochloric acid into a sample stream 
(1 x 10-3 - 2 x 10-4M) nitrite, using a delay coil of 3m of 
0.58 mm i.d. tubing. 
Previously phosphate was determined at the 10-6M level by 
direct injection of phosphate into reagent eluent (see Chapter 8), 
and nitrite at 10-6M level by direct injection of nitrite into 
reagent eluent (see Chapter 9). Johnson and Petty determined 
phosphate in sea water by flow-injection analysis with inject.ion 
of reagent using the colorimetric molybdophosphate method; they 
claim that a high sensitivity can be obtained compared with the 
conventional flow-injection technique. In this study, it was 
found that phosphate and nitrite cannot be determined at the 
same level as determined previously by direct injection of phos-
phate and nitrite into reagent eluents, because in the electro-
chemical method the blank itself becomes a problem due to the 
background current obtained when injecting the reagent into a 
stream of water. The problem may also be due to incomplete forma-
tion of the derivatives. For these reasons lower detection limits 
cannot be obtained. In the colorimetric procedure complete 
formation of molybdenum blue was presumably obtained in the heating 
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and reducing steps. 
This procedure can be applied for the intermittent analysis 
of large volume water samples such as hydroponic fluids. Phos-
phate and nitrite were determined in the presence of each other 
without any mutual interference. 
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CONCLUSION 
Static and flow-injection voltammetric procedures for the 
determination of phosphate, silicate, arsenate and germanate at 
a stationary glassy carbon electrode·have been developed in this 
study. Phosphate can be determined as l2-molybdophosphate in 
aqueous media, as e-12-molybdophosphate in aqueous acetone, as 
molybdovanadophosphate and as molybdophosphate in aqueous ethanol. 
Previously in this laboratory phosphate was determined as 
l2-molybdophosphate polarographically at a dropping mercury 
el ectrode after reduction of l2-molybdophosphate to molybdenu"m 
blue, which was then extracted into tartrate buffer of pH 3 and 
polarographed. The tartrate buffer is required to mask the excess 
of molybdate. Preliminary investigation of the determination of 
phosphate as molybdenum blue without extraction at a stationary 
glassy carbon electrode showed that molybdenum blue gave a well-
defined anodic peak at +0.30V vs SCE. l2-molybdophosphate was 
found to give a cathodic peak at +0.14V vs SCE. The procedures 
given may be used as a basis for developing analytical methods for 
more interactable samples for which voltammetry may be more 
suitable. Cyclic voltammograms indicate that both the l2-molybdo-
phosphate and molybdenum blue peaks exhibit some measure of 
revers ibi 1 i ty. 
This work has been extended to ·the determination of phosphate, 
silicate, arsenate and germanate as e-heteropolyacids. The deter-
mination of these ions under solution conditions developed by 
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Chalmers and Sinclair(75.76) has been adapted here. The voltammo-
grams obtained are clearly characteristic of the individual 
heteropoly acids but no attempt has been made to correlate the 
voltammograms with the structures of the heteropoly acid. This 
needs further investigation. Positive-going and negative-going 
linear-sweep and cyclic voltammetric scans indicate that the peaks 
obtained in the positive-going scans arise from the reoxidation 
of material reduced earlier in the scan. as is also the case with 
the aqueous phosphate system. The use of voltammetric methods may. 
however. have advantages in some applications involving coloured 
or turbid solutions. The possibility of using voltammetry at a 
stationary glassy-carbon electrode to determine heteropoly acids 
was illustrated here rather than to recommend the voltammetric 
procedures in place of the analogous spectrophotometric ones. 
A procedure is given for the differential-pulse voltammetric 
determination of orthophosphate as molybdovanadophosphate at a 
glassy carbon electrode. The solution conditions of the colorimetric 
. molybdovanadate method were found to be readily adaptable to the 
voltammetric method. Differential-pulse voltammetric scan from 
+O.6V. in the negative-potential direction. showed an initial 
peak at +O.50V that did not increase in height when the glassy 
carbon was left in the solution on open circuit. The height of 
this peak was very reproducible and a voltammetric procedure was 
developed based on the measurement of this peak. 
Further studies have been carried out of the flow-injection 
vol tammetric determination of phosphate and other hetropoly 
species by the injection of heteropolyacids pre-formed in various 
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aqueous, aqueous acetone and aqueous ethanolic reagents into 
eluents consisting of the reagent blank. This procedure effec-
tively eliminates the background signal of the blank and allows 
precise determination to be made. Silicate and phosphate can be 
determined at the 10-7M and lO-6M levels respectively. Arsenate 
has only been determined at the 10-5M level, and the precise 
determination of .germanate is difficult owing to adsorption at 
the glassy carbon electrode. It was found that a good improve-
ment in the detection limit can be obtained using the flow-
injection system rather than the static one. 
Phosphate was determined as 12-molybdophosphate by direct 
injection of phosphate into acidic molybdate eluent. This proce-
dure allows phosphate to be determined at the same level 
-6 (i.e. 10 M level) as was determined by injection of pre-formed 
molybdophosphate. Molybdophosphate, which is determined by 
reduction at the glassy carbon electrode, is fully formed when a 
3m delay coil (0.58 mm i.d) is incorporated before the detector 
and a flow-rate of 4 ml min-l is used. 
The static and now-injection voltammetric procedures deve-
loped here have been applied to the determination of phosphate 
in blood serum. Satisfactory results were obtained with the simple 
aqueous system using both the static differential-p~lse voltanrnetric 
and the flow-injection procedures. The flow-injection procedure, in 
particular, is particularly suited to this determination. 
The nitrite work originally done in conjunction with 
Mr M A Abdalla as a separate work outside this project was shown 
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to have applications in the determination of nitrite in hydro-
ponic fluids. In this procedure nitrite was determined by 
reduction at a glassy carbon electrode at concentrations of 
greater than 1 x 10-6M by direct injection of sample solution 
(25 ul) into an eluent 3.2M hydrochloric acid and 20% m/V in 
potassium bromide or by pre-reacting nitrite with the acid bromide 
reagent that is 3.2M hydrochloric acid and 20% m/V potassium 
bromide. 
Phosphate and nitrite can be determined by injection of 
reagent into a sample stream containing the determinants. Phos-
phate can be determined by injecting acidic molybdate and nitrite 
by injecting acidic bromide. Optimised" procedures for this 
determination have been given. Orthophosphate can be determined 
at the 10-5M and nitrite at the 10-4M levels in presence of each 
other without any mutual interferences. 
This procedure could be used with advantage for monitoring 
the amount of phosphate and nitrite in hydroponic fluids where 
there are pl entiful sampl es and produce a saving on the amount of 
reagent used. 
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